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Foreword 


The  objective  of  our  research  has  been  to  develop  a  better  understanding  of  the  thermal 
decomposition  mechanisms  of  energetic  materials.  Over  the  years,  our  understanding  of 
the  mechanisms  has  evolved  from  a  relatively  simple  chemical  framework,  in  which 
individual  bond-breaking  processes  in  a  molecule  were  thought  to  control  the  rate  of 
decomposition,  to  an  appreciation  of  the  complex  sets  of  processes  that  typically  control  the 
decomposition  of  these  materials.  For  example,  in  our  earlier  work  we  observed  the 
mononitroso  intermediate  of  the  parent  cyclic  nitramine.  We  came  to  realize  that  this 
intermediate  provides  a  means  to  branch  to  a  different  set  of  decomposition  products. 

Thus,  allowing  for  two  different  chemical  reaction  pathways.  In  another  example  from  our 
earlier  work  we  also  realized  that  HMX  undergoes  extensive  decomposition  within 
individual  particles.  We  found  evidence  of  bubbles  formed  within  the  solid  particles. 

Since  our  initial  work  we  have  expanded  significantly  on  our  understanding  of  these 
materials.  We  have  analyzed  different  classes  of  energetic  compounds  in  an  attempt  to 
understand  how  molecular  and  crystal  structures,  as  well  as  other  physical  parameters, 
affect  the  decomposition  process.  We  have  examined  different  cyclic  nitramines,  nitrate 
esters,  C-nitro  compounds,  and  several  different  types  of  azoles.  This  current  project 
focuses  on  HMX  and  several  different  types  of  azoles. 

We  have  found  that  all  of  these  compounds  exhibit  a  complex  thermal  decomposition 
behavior  that  involves  both  chemical  and  physical  processes,  which  are  coupled.  As  the 
reader  will  see,  from  the  results  presented  in  this  report,  our  methods  of  measurement 
allow  us  to  identify  the  nature  of  the  underlying  decomposition  processes.  This  enables  us 
to  formulate  mathematical  models  of  the  underlying  processes,  and  determine  the  necessary 
parameters  required  to  make  predictive  models.  This  is  done  for  the  first  time  in  the  current 
project  for  24DNI.  Our  success  with  24DNI  has  encouraged  us  to  proceed  with 
formulating  models  for  other  materials,  such  as  HMX  and  TNAZ. 

Throughout  the  years,  it  has  been  our  pleasure  to  collaborate  with  Dr.  Surya  Bulusu 
from  the  U.S.  Army,  ARDEC.  Our  collaborations  have  been  stimulating,  cordial  and 
highly  productive.  To  our  great  dismay,  Dr.  Bulusu  passed  away  last  year.  He  was  a  dear 
friend  who  will  be  greatly  missed. 
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Statement  of  the  Problem 

The  purpose  of  this  project  has  been  to  further  our  understanding  of  the  chemical 
reaction  mechanisms  and  physical  processes  that  control  the  thermal  decomposition  of 
energetic  materials  with  two  goals  in  mind.  The  first  goal  focuses  on  applying  this 
knowledge  to  predict  the  response  of  energetic  materials,  currently  used  in  weapon 
stockpiles,  to  heat,  impact  or  shock.  The  second  goal  is  to  develop  a  new  understanding  of 
how  to  develop  new  energetic  materials  for  insensitive  ordnance.  To  achieve  this  goal 
requires  understanding  how  the  processes  that  control  the  thermal,  impact  and  shock 
sensitivity  of  energetic  materials  are  related  to  the  physical  and  chemical  properties  of  the 
compounds.  Since  the  thermal,  impact  and  shock  sensitivities  are  related  to  the  chemical 
reactions  transforming  these  compounds  to  their  final  products,  understanding  the  details  of 
how  the  thermal  decomposition  processes  are  related  to  the  physical  and  chemical 
properties  of  the  energetic  materials  will  provide  a  basis  for  developing  new,  less  sensitive, 
energetic  materials. 

The  processes  that  control  the  thermal  decomposition  of  energetic  materials  are  complex 
physicochemical  processes.  These  processes  involve  multiple  chemical  reaction  pathways 
coupled  with  different  types  of  physical  processes  that  are  dependent  on  whether  the 
reaction  occurs  in  the  solid,  liquid  or  gaseous  state.  To  accurately  characterize  the  rates  of 
thermal  decomposition  of  energetic  materials  requires  understanding  the  chemical  reaction 
mechanisms,  the  physical  processes,  and  how  they  are  coupled  to  each  other.  To  achieve 
our  first  goal  requires  understanding  the  processes  in  compounds  such  as  RDX  and  HMX. 
Furthermore,  it  requires  developing  mathematical  models  of  the  underlying  processes  and 
obtaining  the  quantitative  data  required  to  parameterize  the  physicochemical  processes  used 
in  the  mathematical  models.  These  models  will  allow  the  thermal  decomposition  results  to 
be  used  in  models  of  ordnance  behavior.  To  achieve  the  second  goal  requires 
understanding  how  these  physicochemical  processes  are  dependent  on  the  physical  and 
chemical  properties  of  different  types  of  energetic  materials.  This  requires  obtaining  a 
detailed  understanding  of  the  physicochemical  processes  that  control  the  decomposition  of  a 
range  of  different  energetic  materials. 

To  obtain  this  type  of  information  on  the  thermal  decomposition  processes  of  energetic 
materials  requires  the  ability  to  identify  the  products  of  the  thermal  decomposition 
reactions,  to  obtain  their  rates  of  formation  as  a  function  of  time,  and  to  correlate  the  results 
with  morphological  changes  that  occur  in  condensed-phase  reactions  or  the  formation  of 
secondary  products  that  may  act  as  autocatalysts.  This  is  a  difficult  task.  We  utilize 
simultaneous  thermogravimetric  modulated  beam  mass  spectrometry  (STMBMS)  to 
identify  the  products  and  measure  their  rates  of  formation.  We  utilize  scanning  electron 
microscopy  (SEM)  to  characterize  the  morphology  of  condensed-phase  processes. 
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Summary  of  Most  Important  Results 

Our  work  on  the  thermal  decomposition  of  energetic  materials  has  two  principal  goals: 
(1)  to  develop  a  sufficient  understanding  of  the  physical  and  chemical  processes  controlling 
the  decomposition  of  energetic  materials  to  enable  development  of  models  for  prediction  of 
the  response  to  hazards,  such  as  fire  or  impact;  (2)  to  gain  a  better  understanding  of  how 
functionality,  physical  properties  and  molecular  structure  of  energetic  materials  relate  to 
their  behaviors  in  both  normal 
and  abnormal  environments  and 
to  their  long-term  aging  behavior. 

We  have  concentrated  our  efforts 
in  two  areas.  First,  we  have 
worked  to  obtain  an  in-depth 
understanding  of  the 
decomposition  of  two  important 
cyclic  nitramines,  RDX  and 
HMX.  This  work  has  been 
supported  over  several  years  by 
both  a  Memorandum  of 
Understanding  between  the  U.S. 

Army  and  DOE  and  a  previous 
research  grant  from  ARO.  Under 
this  grant  we  have  continued  our 
efforts  in  this  area  by  studying 
the  thermal  decomposition  of 
hexahydro- 1  -nitroso-3 ,5-dinitro- 
s-triazine  (ONDNTA),  the 
mononitroso  analogue  of  RDX, 
because  our  previous  studies 
discovered  that  the  mononitroso 
analogues  of  RDX  and  HMX  are 
important  intermediates  in  their 
decomposition.  We  have  also 
initiated  new  studies  on  HMX  to 
obtain  a  better  understanding  of 
the  solid-phase  processes  that 
control  its  decomposition. 

Second,  we  have  obtained 
extensive  temperature-dependent 
data  on  the  decomposition  of 
1,3,3-trinitroazetidine  (TNAZ), 

1  -nitroso-3 ,3-dinitroazetidine 
(NDNAZ)  and  2,4-dinitro- 1,3- 
imidazole  (24DNI),  and  have 
initiated  studies  on  the 
decomposition  of  3-amino-5-nitro- 1,2,4-triazole  (ANTA),  5, 5’-dinitro-3,3’-bi-l, 2,4- 
triazole  (DNBT),  and  a  complex  of  DNBT»2ANTA.  This  work  will  examine  the  effect  of 
changes  in  functionality  and  differing  molecular  environments  on  the  decomposition 
process.  (Molecular  structures  of  the  compounds  used  in  this  study  are  listed  in  Table  1.) 
Third,  we  have  developed  new  methods  to  create  mathematical  models  of  the  thermal 


Table  1.  Structures  of  compounds  discussed  in 
report. 
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decomposition  processes  of  energetic  materials,  and  have  obtained  parameters  for  these 
models  from  the  thermal  decomposition  data  collected  with  the  STMBMS  instrument.  We 
have  focused  our  initial  efforts  on  the  development  of  a  mathematical  model  to  characterize 
the  thermal  decomposition  of  24DNI.  The  details  of  the  work  may  be  found  in  the  copies 
of  the  publications  of  our  work  included  in  Appendix  A.  A  summary  of  the  most 
significant  findings  from  our  work  on  HMX  and  RDX  is  presented  first,  followed  by  the 
most  significant  finding  from  our  work  on  TNAZ,  NDNAZ,  24DNI,  ANTA  and 
ANTA*DNBT. 


Decomposition  of  HMX  and  RDX 

The  work  on  the  cyclic  nitramines,  HMX  and  RDX,  has  focused  on  three  different 
studies.  First  the  low  temperature  decomposition  of  HMX  was  examined  to  extend  the  data 
range  of  our  previous  work  on  HMXl>2  down  to  175°C.  Next,  the  decomposition  of  the 
mononitroso  analogue  of  RDX,  hexahydro-l-nitroso-3,5-dinitro-s-triazine  (ONDNTA), 
was  studied  further  because  it  is  an  important  intermediate  in  the  decomposition  of  RDX. 
Finally,  new  studies  of  the  decomposition  of  HMX  were  undertaken  to  obtain  a  better 
understanding  of  the  physical  processes  that  occur  within  the  solid  phase  and  how  these 
affect  the  rates  of  decomposition. 

Low  temperature  decomposition  of  HMX  The  thermal  decomposition  of  HMX 
between  175°C  and  200°C  has  been  studied  using  the  simultaneous  thermogravimetric 
modulated  beam  mass  spectrometer  (STMBMS)  apparatus  with  a  focus  on  the  initial  stages 
of  the  decomposition .3  The  identity  of  thermal  decomposition  products  is  the  same  as  that 
measured  in  previous  higher  temperature  experiments.  The  initial  stages  of  the 
decomposition  are  characterized  by  an  induction  period  followed  by  two  acceleratoiy 
periods.  The  Arrhenius  parameters  for  the  induction  and  two  acceleratoiy  periods  are 
(Log(A)=  18.2  ±  0.8,  Ea  =  48.2  ±  1.8  kcal/mole),  (Log  (A)  =  17.15  ±  1.5  and  Ea  = 
48.9  ±  3.2  kcal/mole),  (Log  (A)  =  19.1  ±  3.0  and  Ea  =  52.1±  6.3  kcal/mole), 

respectively.  The  data  can  be  used  to  calculate  the  time  and  temperature  required  to 
decompose  a  desired  fraction  of  a  test  sample  that  is  being  prepared  to  test  the  effect  of 
thermal  degradation  on  its  sensitivity  or  bum  rates.  It  can  also  be  used  to  estimate  the 
extent  of  decomposition  that  may  be  expected  under  normal  storage  conditions  for 
munitions  containing  HMX.  The  data,  along  with  previous  mechanistic  studies  conducted 
at  higher  temperatures,  suggest  that  the  process  that  controls  the  early  stages  of 
decomposition  of  HMX  in  the  solid  phase  is  scission  of  the  N-NO2  bond,  reaction  of  the 
NO2  within  a  "lattice  cage"  to  form  the  mononitroso  analogue  of  HMX  and  decomposition 
of  the  mononitroso  HMX  within  the  HMX  lattice  to  form  gaseous  products  that  are  retained 
in  bubbles  or  diffuse  into  the  surrounding  lattice. 


The  decomposition  o  f  ONDNTA •  Previous  work  on  the  decomposition  of  hexahydro- 
1,3,5-trinitro-s-triazine  (RDX)4’5  and  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine 

(HMX)2-6  has  shown  that  the  mononitroso  analogues  of  these  compounds  play  an 
important  role  in  their  decomposition,  in  both  the  solid  and  liquid  phases.  The  mononitroso 
analogue  of  RDX,  hexahydro-l-nitroso-3,5-dinitro-s-triazine  (ONDNTA)  was 

independently  synthesized  and  its  decomposition  had  been  studied  previously.7  Our 
current  thermal  decomposition  studies  of  ONDNTA  have  uncovered  a  relatively  complex 
decomposition  behavior.  8 
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We  have  found  that  ONDNTA  decomposes  in  two  different  temperature  ranges  in  an 
unusual  way.  As  the  temperature  of  the  sample  is  increased,  one  temperature  range  ("low") 
of  decomposition  is  evident  between  95°C  and  145°C  and,  after  a  cessation  of  the 
decomposition,  the  sample  resumes  decomposition  again  between  155°C  and  210°C.  The 
relative  amounts  that  decompose  in  the  two  channels  appear  to  be  dependent  on  the  degree 
of  containment  of  the  products  in  the  reaction  cell.  The  amount  of  containment  can  be 
varied  by  changing  the  diameter  of  the  reaction  cell’s  orifice  through  which  products  exit  to 
the  mass  spectrometer.  Isothermal  experiments  in  the  low  temperature  channel  show  that 
the  fraction  of  the  sample  that  decomposes  in  this  channel  is  fixed  and  depends  on  the 
degree  of  containment. 

The  main  decomposition  products  formed  in  the  lower  temperature  range  are  either  CO 
or  N2,  and  CH2O,  NO,  N2O  and  NO2.  For  low  degrees  of  containment,  in  which 
approximately  2%  to  10%  of  the  sample  decomposes  in  the  low  temperature  channel,  small 
amounts  of  formamide  (NH2CHO),  N-methylformamide  (CH3NHCHO),  N,N- 
dimethylformamide  ((CH3)2NCHO)  and  the  species,  CH2N03  are  also  observed.  For  the 
highest  degree  of  containment,  in  which  all  of  the  ONDNTA  decomposes  in  the  low 
temperature  channel,  large  amounts  of  water  and  dimethylnitrosamine,  (CH3)2NNO,  are 
also  formed.  The  main  gaseous  products  formed  in  the  higher  temperature  range  are  the 
same  as  those  in  the  low  temperature  range.  In  addition,  a  product  of  molecular  formula 
C2H5N  (which  may  be  aziridine)  is  formed  in  amounts  comparable  to  CH2O  and  N2O. 

Extensive  data  has  been  collected  on  the  thermal  decomposition  of  ONDNTA  that  will 
allow  detailed  mathematical  models  of  its  decomposition  to  be  created.  To  date  only  a 

qualitative  summary  of  the  decomposition  processes  have  been  published.**  The  long 
illness  and  subsequent  death  of  one  of  the  authors  (Dr.  S.  Bulusu)  has  limited  the  final 
analysis  and  publication  of  the  work  on  ONDNTA.  Future  efforts  will  revisit  this  work 
and  strive  to  incorporate  the  results  into  the  overall  model  for  the  decomposition  of  HMX 
and  RDX. 

HMX  decomposition  in  the  solid  phase.  In  the  last  six  months  of  this  project,  it 
became  apparent  that  significant  improvements  to  the  STMBMS  instrument  would  enable 
us  to  conduct  new  experiments  on  the  thermal  decomposition  of  HMX  that  would  advance 
our  understanding  beyond  our  previous  work.  The  ability  to  confine  the  gaseous  products 
better  in  the  reaction  cell  reduces  the  rate  of  reactant  evaporation,  allowing  experiments  to 
be  conducted  on  single  HMX  particles.  It  also  allows  the  interactions  between  the  gaseous 
decomposition  products  and  the  remaining  HMX  to  be  studied  in  more  detail. 

Recent  results  on  the  thermal  decomposition  of  HMX  and  2,4-dinitroimidazole 
(24DNI)  has  shown  that  there  is  a  close  coupling  between  the  reaction  mechanisms,  rates 
of  decomposition  and  the  morphology  of  the  decomposing  particles  when  the 
decomposition  takes  place  in  the  solid  phase.  Increasing  the  pressure  of  the  confined 
decomposition  products  in  the  reaction  cell  changes  the  decomposition  process  as  shown  in 
Figure  1. 
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Figure  1 .  Gas  formation  rates  of  products  formed  from  the  thermal  decomposition  of  HMX  at  235°C  from 
three  different  experiments.  By  using  different  diameter  orifices  in  each  experiment  the  maximum  pressure 
of  the  gaseous  decomposition  products  contained  in  the  reaction  cell  was  changed.  The  results  show  that  as 
the  pressure  of  the  decomposition  products  in  the  reaction  cell  increase  the  rates  of  decomposition  during  the 
later  stages  of  the  reaction  change  from  decreasing  rates  to  increasing  rates. 


As  the  pressure  of  the  contained  decomposition  products  increases  the  rate  of  reaction 
during  the  later  stages  of  the  decomposition  increases.  For  the  low  confinement  case 
(25|xm  orifice)  the  rates  of  decomposition  decrease  after  the  acceleratory  region  (1000  to 
2000  seconds).  In  the  high  confinement  case  (5|im  orifice)  the  rates  increase  after  the 
acceleratory  period  (-3500  sec). 

A  series  of  experiments  using  a  single  HMX  particle  in  each  experiment  were 
conducted.  Photomicrocrographs  of  each  particle  were  taken  before  and  after  each 
decomposition  experiment  and  scanning  electron  micrographs  (SEM)  were  taken  of  the 
particle  at  the  end  of  each  experiment.  There  is  a  strong  correlation  between  the 
morphology  of  the  particle  after  the  experiment  and  the  temporal  behaviors  of  the  gas 
formation  rates  of  the  decomposition  products. 

The  SEMs  of  the  non-volatile  residue  remaining  from  a  particle  decomposed  under 
lower  confinement  conditions  are  shown  in  Figures  2  and  3.  Note  the  homogeneous 
appearance  of  the  residue  on  the  scale  of  the  whole  particle.  The  magnified  SEM  shows 
that  the  residue  has  a  flake-like  appearance  and  evidence  of  submicron  size  shells. 

The  SEMs  of  the  non-volatile  residue  remaining  from  a  particle  decomposed  under 
higher  confinement  conditions  are  shown  in  Figure  4.  Note  the  significantly  different 
appearance  of  the  residue.  The  residue  appears  to  be  formed  from  layers  of  material  that 
have  holes  within  each  layer. 

In  all  of  our  experiments  in  which  we  observe  an  increase  in  the  rate  of  decomposition 
in  the  final  stages  (5|im  behavior  in  Figure  1)  we  see  a  residue  that  looks  like  that  shown  in 
Figure  4.  On  the  other  hand  in  all  of  our  experiments  in  which  we  observe  a  decreasing 
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rate  of  gas  formation  in  the  later  stages  (25|im  data  in  Fig.  1),  we  see  a  residue  that  looks 
like  that  shown  in  Figs.  2  and  3. 

These  results  on  the  thermal  decomposition  of  HMX  in  the  solid  phase  provide  new 
information  on  the  decomposition  processes  that  occur  within  the  HMX  particles.  The 
morphology  of  the  non-volatile  residue  remaining  at  the  end  of  the  decomposition  process 
provides  insight  into  the  reactive  processes  that  occur  within  the  HMX  particles.  Extension 
of  this  work  will  continue  with  future  funding  from  ARO. 


Figure  2.  SEM  of  the  residue  that  remains  after  the  decomposition  of  HMX  in  the 
solid  phase  under  low  gas  pressure  conditions.  The  residue  was  formed  from  the 
decomposition  of  one  HMX  particle.  The  remaining  residue  was  cut  in  half  to  expose 
the  inside  of  the  particle  shown  in  the  SEM. 
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Figure  3.  SEMs  of  residue  from  the  decomposition  of  one  HMX  particle  that  was 
decomposed  under  low  confinement  conditions.  Note  flake-like  appearance  and 
submicron  size  shells. 
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Figure  4.  SEMs  of  residue  from  the  decomposition  of  one  HMX  particle  that  was  decomposed  under  high 
confinement  conditions.  Note  rod-like  appearance  and  appearance  of  layers  (like  layers  of  Swiss  cheese). 
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Decomposition  of  TNAZ,  NDNAZ,  24DNI,  ANTA  and  DNBT 


The  results  of  our  simultaneous  thermogravimetric  modulated  beam  mass  spectrometric 
(STMBMS)  studies  on  TNAZ,  NDNAZ,  24DNI,  ANTA  and  DNBT  have  provided  several 
significant  insights  into  the  reaction  mechanisms  that  control  the  decomposition  of  these 
compounds,  and  the  role  these  mechanisms  may  play  in  both  their  combustion  and  their 
thermal  and  impact  sensitivities.  Our  findings  may  be  summarized  as  follows: 

1.  Decomposition  of  nitro-substituted  azoles  produce  a  large  fraction 
of  polymeric  product.  The  decomposition  of  azoles,  24DNI,  ANTA,  DNBT 
and  NTO  (2,4-dihydro-5-nitro-3H-l,2,4-triazole-3-one,  funded  by  a  different 
source)  is  characterized  by  formation  of  a  large  fraction  of  solid  polymeric 
residue  and  formation  of  a  smaller  fraction  of  gaseous  products  when  compared 
to  other  energetic  materials  such  as  HMX,  RDX  or  PETN.  The  fraction  of  solid 
residue,  formed  from  the  azoles,  ranges  between  20%  and  66%,  depending  on 
the  compound  and  reaction  conditions. 

2.  Nitro-substituted  azoles  absorb  water.  Several  of  the  azoles,  24DNI  and 
NTO,  have  been  observed  to  absorb  water,  forming  a  layer  beneath  the  surface 
of  the  particle.  During  our  thermal  decomposition  experiments,  the  reaction  rates 
of  24DNI  and  NTO  are  increased  when  they  evolve  from  this  water-enriched 
layer.  This  suggests  that  humidity  may  increase  decomposition  rates  in  these 
materials,  potentially  limiting  their  useful  life.  Experiments  on  ANTA  and 
DNBT  have  not  addressed  the  issue  of  absorption  of  water  in  the  particles. 

3.  Polymeric  residue  catalyzes  decomposition  of  24DNI.  The  rate  of 
reaction  of  24DNI  is  greatly  affected  by  the  presence  of  the  polymeric  residue 
formed  during  its  decomposition.  The  physical  processes  controlling  this 
autocatalytic  reaction  are  vaporization  of  24DNI,  transport  and  deposition  of 
24DNI  on  the  residue  surface,  and  reaction  of  24DNI  with  the  residue.  Reaction 
between  24DNI  and  the  residue  releases  gaseous  products  and  incorporates  new 
molecular  segments  into  the  polymeric  residue.  The  details  of  the  chemical 
reaction  between  24DNI  and  the  residue  is  not  currently  understood.  The 
decomposition  behaviors  of  the  other  azoles  suggest  they  also  undergo 
autocatalytic  reactions. 

4.  Formation  of  isocyanate  intermediate  may  influence  sensitivity. 

The  molecular  structure  of  the  nitrated  azoles  studied  in  this  project,  along  with 
the  observed  gaseous  thermal  decomposition  products,  suggest  a  primary 
mechanism  leading  to  formation  of  the  polymeric  residue.  A  nitro-nitrite 
rearrangement,  followed  by  loss  of  NO  and  ring  scission,  forms  a  reactive 
isocyanate  group  (-NCO).  The  isocyanate  group  may  either  react  with  water  to 
form  C02  or  undergo  polymerization  reactions. 

5.  Correlation  of  thermal  decomposition  mechanisms  and  sensitivity. 

Based  on  our  extensive  thermal  decomposition  studies  and  the  known  impact 
sensitivities  of  the  materials  studied,  we  observe  two  general  features  of  the 
reaction  mechanism  that  correlate  to  the  impact  sensitivities.  Insensitivity  is 
related  to  the  complexity  of  the  decomposition  pathways  and  to  the  fraction  of 
nonvolatile  residue  versus  gaseous  products  formed.  A  comparison  of  PETN, 
HMX,  RDX,  and  the  nitrated  azoles  (listed  in  order  of  decreasing  impact 
sensitivity)  illustrates  these  two  principles.  The  complexity  of  the  thermal 
decomposition  process  increases  from  PETN  to  the  nitrated  azoles.  Once  a 
PETN  molecule  starts  to  decompose,  it  rapidly  forms  mostly  final  gaseous 
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products,  shows  no  tendency  to  branch  to  form  a  different  set  of  decomposition 
products,  and  accumulates  only  small  amounts  of  solid  intermediate  products 
which  are  volatile  and  decompose  readily  to  gaseous  products.  On  the  other 
hand,  RDX  and  HMX  decompose  along  several  coupled  decomposition 
pathways,  producing  mainly  gaseous  products  and  a  small  amount  of  nonvolatile 
polymeric  residue  (5%).  The  nitrated  azoles  also  decompose  along  several 
coupled  decomposition  pathways,  but  produce  significantly  less  gaseous 
products  than  PETN,  RDX  or  HMX,  and  produce  significant  amounts  of 
nonvolatile  polymeric  residue.  This  correlation  makes  sense  because  if  the 
reaction  pathways  are  more  complex,  the  rate  of  generation  of  heat  and  pressure 
within  the  sample  will  be  slower.  Likewise,  if  the  heat  released  and  the  pressure 
of  the  gas  generated  can  be  reduced  by  forming  a  polymeric  residue  and  limiting 
the  extent  of  reaction,  the  amount  of  energy  required  to  generate  a  runaway 
reaction  will  be  greater. 

6.  Mathematical  model  of  the  24DNI  decomposition  process.  A 

complex  physicochemical  process  controls  the  decomposition  of  24DNI.  The 
process  is  clearly  dependent  on  features  of  the  particle  morphology  and  the 
formation  of  a  non-volatile  product  that  acts  as  an  “autocatalyst”.  A 
mathematical  model  of  the  physical  and  chemical  processes  that  control  the 
thermal  decomposition  of  24DNI  has  been  developed.  The  parameters  for  the 
model  have  been  determined  by  optimizing  the  model  to  fit  the  data  from  a  series 
of  STMBMS  experiments.  This  is  the  first  time  that  such  a  mathematical  model 
has  been  used  to  characterize  the  various  physical  and  chemical  processes  that 
underlie  the  thermal  decomposition  of  an  energetic  material  in  the  solid  phase. 

7  TNAZ  decomposition  mechanism  and  kinetics  model.  TNAZ 
decomposes  to  low  molecular  weight  decomposition  products  both  directly  and 
through  the  mononitroso  analogue  of  TNAZ,  l-nitroso-,3,3-dinitroazetidine 
(NDNAZ).  The  reaction  of  TNAZ  with  NO  to  form  NDNAZ  is  analogous  to 
reactions  observed  in  both  RDX  and  HMX.  Recent  results  from  extensive  sets 
of  experiments  characterizing  the  decomposition  of  TNAZ  and  NDNAZ  have 
shown  that  TNAZ  decomposes  extensively  between  160  °G  and  230  °C, 
whereas,  NDNAZ  decomposes  extensively  between  110°C  and  170°C.  The 
NDNAZ  is  significantly  less  stable  than  TNAZ,  suggesting  that  it  may  play  a 
significant  role  in  the  TNAZ  decomposition  process.  We  are  currently  analyzing 
the  results  of  isothermal  decomposition  experiments  on  both  of  these  materials 
and  are  developing  a  model  for  the  decomposition,  which  will  be  used  to 
characterize  the  decomposition  behaviors  of  TNAZ  and  NDNAZ. 

8.  ANTA,  DNBT  and  DNBT*2ANTA  decomposition  studies.  The 
unique  DNBT«2ANTA  complex  offers  an  opportunity  to  investigate  the  effects 
of  changing  functionality  and  differing  molecular  environments  on  thermal 
decomposition  and  sensitivity  of  high  explosives.  Work  at  LLNL  has  shown 
that  inclusion  of  DNBT  (which  is  sensitive  relative  to  ANTA),  into  a  hydrogen- 
bonded  complex  with  ANTA  results  in  a  material  nearly  as  insensitive  as  ANTA 
itself.  In  our  experiments,  the  thermal  decomposition  behaviors  of  ANTA, 
DNBT,  and  the  DNBT»2ANTA  complex  vary  significantly.  Upon  heating  at  a 
constant  rate  with  no  confinement  of  evolved  gases,  ANTA  evaporates 
completely,  while  DNBT  evaporates  and  decomposes  rapidly  near  250°C, 
followed  by  gradual  decomposition  and  ending  with  a  significant  amount  of 
nonvolatile  residue.  The  DNBT*2  ANT  A  complex,  by  contrast,  experiences 
evaporation  and  rapid  decomposition  of  both  compounds  near  195°C  (a 
substantially  lower  temperature  than  either  compound),  followed  by  gradual 
decomposition  and  ending  with  a  substantial  amount  of  nonvolatile  residue. 
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With  moderate  confinement  of  evolved  gases,  ANTA  experiences  evaporation 
and  rapid  decomposition  near  230°C,  leaving  a  significant  amount  of  nonvolatile 
residue.  An  isothermal  experiment  at  220°C  showed  a  similar  rapid 
decomposition  after  a  short  induction  period,  again  leaving  significant  residue. 
With  moderate  confinement  at  240°C,  DNBT  exhibits  only  gradual 
decomposition  ending  with  a  significant  amount  of  nonvolatile  residue.  The 
behavior  of  the  DNBT*2ANTA  complex  under  moderate  confinement  is  similar 
to  its  unconfined  state,  except  that  less  evaporation  and  more  decomposition  are 
observed.  Further  research  will  elucidate  the  decomposition  pathways  of 
ANTA,  DNBT,  and  the  complex,  which  we  hope  will  lead  to  further 
understanding  of  the  relationships  between  sensitivity,  decomposition  pathway 
complexity,  gaseous  versus  nonvolatile  products,  and  the  different  molecular 
environments  of  the  pure  compounds  versus  the  complex. 

A  brief  summary  of  our  work  in  each  of  these  areas,  highlighting  interesting  results,  is 
outlined  in  the  following  paragraphs.  Copies  of  papers  describing  the  details  of  the  work 
in  these  areas  are  included  in  die  Appendix. 


Decomposition  of  24DNI 

Our  study  of  the  solid-phase  thermal  decomposition  behavior  of  2,4-DNI  has  shown 
that  the  decomposition  behavior  is  complex,  and  not  defined  by  a  single  dominant  process 
that  can  be  accurately  represented  with  a  simple  analysis  of  the  quantified  results.9  The 
decomposition  products  consist  of  several  different  gases  and  a  polymeric  residue  that 
accounts  for  -40%  of  the  total  decomposition  product  weight.  A  first-generation  model  has 
been  developed  to  describe  the  solid-phase  pyrolysis  of  2,4-DNI,  that  is  based  on  the 
temporal  behaviors  of  the  gas-evolution  rates  of  the  gaseous  products  of  decomposing  2,4- 
DNI  under  various  conditions.  The  results  of  the  model  show  that  the  decomposition  of 
2,4-DNI  and  evolution  of  gaseous  products  is  controlled  by  at  least  six  basic  processes  as 
illustrated  in  Figure  5.  These  processes  include:  1)  sublimation  and  decomposition  in  the 
gas  phase  (small  contribution),  2)  decomposition  in  a  reactive  shell  on  the  surface  of  the 
particles,  3)  enhancement  of  the  reaction  rates  and  reduction  of  the  2,4-DNI  sticking 
coefficient  due  to  absorbed  exogenous  water  and  impurities  in  the  2,4-DNI  sample,  4)  the 
growth  of  polymeric  reactive  nuclei  in  the  reactive  shell,  5)  adsorption  of  2,4-DNI  on  the 
surface  of  the  reactive  nuclei,  followed  by  reaction  of  the  2,4-DNI  on  the  surface  to  release 
gaseous  products  and  add  to  the  polymer,  and  6)  transformation  of  the  polymer  formed  by 
the  initial  reaction  with  2,4-DNI  to  a  more  thermally  stable  polymer,  releasing  gas  in  the 
process.  The  combination  of  processes  four  through  six  characterizes  the  autocatalytic 
nature  of  the  2,4-DNI  decomposition.  Global  reaction  chemistry  has  been  used  to 
characterize  each  of  the  basic  decomposition  processes  in  the  first  generation  of  the  model. 
At  the  model’s  present  state  of  development,  global  chemistry  is  used  to  represent  the 
various  chemical  reactions  that  occur  during  each  of  the  processes  just  described. 
Differences  between  the  rates  of  gas  formation  predicted  by  the  model  and  the  measured 
data  will  be  used  to  generate  a  second-generation  model  of  the  2,4-DNI  decomposition 
processes  that  include  more  details  on  the  individual  chemical  reactions  involved  in  each 
process. 
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3.  Reaction  in 
shell  on  surface 


5.  Transport  to  polymer 
surface. 

6.  Reaction  with  polymer 


1.  Reaction  in  gas 


Polymer 


2.  Water  absorbed 
in  particles 


4.  Formation  of 
polymeric  nuclei 


7.  Decomposition  of 
polymer. 


Figure  5.  Schematic  representation  of  2,4-DNI  decomposition  processes  in  the  solid  phase. 


Decomposition  of  TNAZ  and  NDNAZ 

The  decomposition  of  TNAZ  and  NDNAZ  has  been  extensively  studied.  10,1 1  a  paper 

summarizing  the  most  recent  results  is  included  in  the  Appendix.  12  The  major  products 
formed  in  the  decomposition  of  TNAZ  are  NOz  and  NO,  with  lesser  amounts  of  H20, 
HCN,  CO/N2,  COz/N20,  NDNAZ,  and  a  small  amount  of  polymeric  residue.  The  results 
indicate  four  likely  steps  for  the  first  step  in  the  TNAZ  decomposition.  Three  of  these 
generate  N02,  either  by  unimolecular  cleavage  of  a  nitramine  or  nitroalkane,  or  by 
displacement  of  the  nitramine  N02  by  NO,  while  the  fourth  involves  a  nitro-nitrite 
rearrangement  of  the  gem-dinitro  group  (elimination  of  HN02  occurs,  but  is  relatively 
small).  The  unimolecular  fragmentation  pathways  are  supported  because  N02  generation  is 
initially  first  order  in  TNAZ  concentration  in  both  liquid  and  gas  phases  (additional  sources 
of  N02  must  exist  because  its  signal  does  not  decrease  as  TNAZ  nears  depletion). 
Experiments  using  1-,5N02-TNAZ  show  N02  evolution  from  both  sites  in  the  molecule, 
though  occurring  first  at  the  weaker  nitramine  bond;  and  also  indicate,  by  lack  of  isotopic 
shifts,  that  signals  at  m/z  28  and  44  are  mostly  CO  and  C02  rather  than  N2  and  N20.  The 
observation  that  the  rates  of  formation  of  N02,  NO,  and  NDNAZ  increase  sequentially 
indicates  NDNAZ  is  formed  by  direct  replacement  of  the  nitramine  N02  in  TNAZ  by  NO. 
This  and  the  nitro-nitrite  pathway  are  also  suggested  because  C02,  NO,  CO/N2,  HCN, 
CH3CN,  and  NDNAZ  do  not  correlate  with  the  first-order  N02  cleavage.  Evolution  of 
C02/N20,  NO,  HCN,  and  CO/N2  after  TNAZ  depletion  indicates  they  are  thermal 
decomposition  products  of  NDNAZ. 

The  decomposition  of  independently  synthesized  NDNAZ  provides  further  clues  to 
the  overall  decomposition  process.  The  major  product  in  the  decomposition  of  NDNAZ  is 
NO,  followed  by  lesser  amounts  of  H20,  HCN,  CO/N2,  C02/N20,  and  a  significant 
amount  of  polymeric  residue,  which  actually  catalyzes  NDNAZ  decomposition.  While 
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these  products  are  similar  to  those  formed  in  the  TNAZ  decomposition,  their  ratios  differ 
significantly.  There  are  two  likely  first  steps  for  the  decomposition  of  NDNAZ,  either 
cleavage  of  the  N-nitroso  group  to  form  NO  and  3,3-dinitroaziridinyl  radical,  or  nitro- 
nitrite  rearrangement  of  the  gem-dinitro  group.  Because  more  than  one  equivalent  of  NO  is 
evolved,  a  nitro-nitrite  rearrangement  as  in  the  second  path  almost  certainly  occurs. 

The  results  of  our  experiments  confirm  loss  of  N02  as  one  of  the  first  steps  in 
TNAZ  decomposition,  as  discovered  in  RSFTIR  and  IRMPD  experiments  by  other  groups, 
and  furthermore,  show  that  the  N02  arises  from  both  possible  sites.  Contrary  to  the 
RSFTIR  experiments,  however,  HN02  elimination  is  relatively  unimportant.  We  find  once 
again  that  a  mononitroso  analog  (NDNAZ)  is  an  important  intermediate  in  nitramine 
decomposition,  as  we  have  shown  previously  for  RDX,  TNCHP,  and  HMX. 

Several  significant  improvements  have  been  made  to  our  experimental  protocol, 
allowing  the  effective  use  and  characterization  of  2.5  pm  diameter  orifices,  despite  their 
inherent  difficulties.  With  these  improvements,  quantification  of  our  data  is  more  reliable. 
Coupled  with  kinetic,  mechanistic,  and  physical  information  on  these  decompositions,  this 
will  provide  the  foundation  to  develop  a  detailed  mathematical  model  of  the  decomposition 
processes  of  TNAZ  and  NDNAZ. 


Decomposition  of  ANTA,  DNBT  and  the  DNBT»2ANTA  complex 

We  have  completed  preliminary  experiments  on  ANTA,  DNBT,  and  the  DNBT»2ANTA 
complex  at  two  levels  of  containment  and  various  temperatures  to  examine  their 
decomposition  behavior.  This  preview  reveals  the  chemistiy  of  this  novel  system  to  be 
complex  and  intriguing. 

Heating  ANTA  alone  with  a  large  (-500  pm)  orifice  resulted  in  evaporation,  with  virtually 
no  evidence  of  decomposition  and  no  solid  residue  (Figure  6A).  Heating  ANTA  with  a 
small  (-25  pm)  orifice  at  2°C/min  revealed  a  rapid  decomposition  event  at  about  230°C, 
which  resulted  in  the  loss  of  -43%  of  the  sample  weight,  followed  by  a  more  gradual 
period  where  -20%  of  the  sample  weight  was  lost,  leaving  about  37%  of  the  sample  weight 
as  nonvolatile  residue.  Heating  ANTA  with  a  small  orifice  at  an  isotherm  of  220°C  resulted 
in  rapid  weight  loss  (44%  of  initial  weight)  after  short  induction  period,  followed  by  a 
more  gradual  weight  loss  (11%  of  initial  weight),  leaving  a  significant  amount  of 
nonvolatile  residue  (45%  of  initial  weight.  Figure  6B).  With  the  25pm  orifice, 
decomposition  was  dominant;  probably  less  than  10%  of  the  sample  escaped  as  ANTA. 
The  dominant  product  m/z  values  in  the  rapid  decomposition  period,  their  probable 
identities,  and  approximate  order  of  importance  are:  18  (H20),  44  (N20,C02),  28  (N,, 
CO),  27  (HCN),  43,  30  (NO,  CH20),  45,  and  17  (NH3).  Approximately  75%  of  the 
signal  at  m/z  30  is  due  to  NO,  with  the  rest  due  to  CH20. 

The  behavior  of  DNBT  is  significantly  different.  Heating  DNBT  alone  with  a  large  (-500 
pm)  orifice  at  TC/min  revealed  a  rapid  weight  loss  at  about  250°C  which  corresponded  to 
-50%  of  the  original  sample  weight  (Figure  7A).  Comparison  of  the  ion  signals  in  this 
period  to  the  parent  mass  at  m/z  226  indicates  that  this  weight  loss  is  mostly  evaporation  up 
until  the  maximum  rate  of  weight  loss,  where  signals  due  to  decomposition  become 
significant.  This  period  is  followed  by  a  gradual  weight  loss  (16%  of  initial  weight), 
leaving  a  significant  amount  of  nonvolatile  residue  (34%  of  initial  weight).  The  dominant 
product  m/z  values  in  the  rapid  decomposition  period,  their  probable  identities,  and 
approximate  order  of  importance  are:  30  (NO,  CHzO),  44  (N20,C02),  28  (N2,  CO),  18 
(H20),  43,  27  (HCN),  68,  46  (N02),  29  (CHO),  42,  and  45.  The  proportion  of  NO  to 
CH20  for  m/z  30  in  this  period  has  not  been  determined.  The  dominant  product  m/z  values 
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in  the  gradual  decomposition  period,  their  probable  identities,  and  approximate  order  of 
importance  are:  30  (NO,  CH20),  18  (H20),  46  (N02),  44  (N20,C02),  28  (N2,  CO),  29 
(CHO),  42,  27  (HCN),  43,  68,  and  45.  Approximately  75%  of  the  signal  at  m/z  30  in  this 
phase  is  due  to  NO,  with  the  rest  due  to  CH20.  Since  this  decomposition  occurs  while 
using  a  large  orifice,  the  evolving  gases  are  not  contained  for  a  significant  period  of  time 
and  therefore  the  decomposition  must  occur  in  the  condensed  phases.  Heating  DNBT  with 
a  small  (25/xm)  orifice  at  240°C  (Figure  7B)  resulted  in  a  gradual  weight  loss  due  to 
decomposition  (34%  of  initial  weight),  leaving  a  significant  amount  of  nonvolatile  residue 
(66%  of  initial  weight).  The  dominant  product  m/z  values  in  this  gradual  decomposition 
period,  their  probable  identities,  and  approximate  order  of  importance  are:  30  (NO,  CH,0) 
18  (H20),  44  (N20,C02),  46  (N02),  28  (N2,  CO),  43,  111,  29  (CHO),  and  45.  At  least 
85%  of  the  signal  at  m/z  30  is  due  to  NO. 

The  behavior  of  the  DNBT*2ANTA  complex  is  significantly  different  from  either 
compound  alone.  Heating  DNBT-2ANTA  using  a  large  (-500  fim)  orifice  at  l°C/min  (Fig. 
8A)  revealed  a  rapid  weight  loss  at  about  195°C  which  corresponded  to  -44%  of  the 
original  sample  weight,  followed  by  a  gradual  weight  loss  (26%  of  initial  weight),  leaving 
a  significant  amount  of  nonvolatile  residue  (28%  of  initial  weight).  Comparison  of  the  ion 
signals  in  the  rapid  weight  loss  period  to  parent  masses  129  (ANT A)  and  226  (DNBT) 
indicates  that  this  weight  loss  is  due  to  evaporation  of  both  ANTA  and  DNBT  and 
decomposition  of  one  or  both.  Considering  that  this  initial  weight  loss  corresponds  to  only 
44%  of  the  initial  sample  weight,  that  significant  evaporation  occurs  for  both  compounds  in 


A 


B 


Figure  6.  (A)  Heating  ANTA  with  a  500  /im  orifice  results  in  complete  evaporation.  (B)  Heating  ANTA 
at  220°C  with  a  25  orifice  results  in  substantial  decomposition  and  leaves  -45  %  of  the  initial  weight 
as  nonvolatile  residue.  Note  the  initial  rise  in  the  water  signal  and  the  corresponding  drop  in  weight;  this 
likely  represents  loss  of  adsorbed  water.  (The  weight  loss  curve  is  normalized  so  the  Y-scale  is  100  %  of  the 
initial  weight.  The  evaporation  and  decomposition  signals  are  on  the  same  scale  in  arbitrary  units). 
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Figure  7.  (Top)  Heating  DNBT  with  a  -500  fim  orifice  results  in  rapid  weight  loss  due  to  evaporation  of 
DNBT  and  decomposition,  represented  by  m/z  30  (mostly  NO).  About  34%  of  initial  weight  is  left  as 
nonvolatile  residue.  (Bottom)  Heating  DNBT  at  240°C  with  a  25  /xm  orifice  results  in  gradual 
decomposition  and  leaves  -66  %  of  the  initial  weight  as  nonvolatile  residue.  (The  weight  loss  curve  is 
normalized  so  the  Y-scale  is  100  %  of  the  initial  weight.  The  evaporation  and  decomposition  signals  are  on 
the  same  scale  in  arbitrary  units). 
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this  period,  and  the  amount  of  nonvolatile  residue  generated,  it  is  evident  that  both 
compounds  undergo  decomposition  and  evaporation  at  195°C,  a  dramatically  lower 
temperature  than  either  compound  in  the  pure  state.  Furthermore,  in  the  complex,  ANTA 
as  well  as  DNBT  decompose  when  unconfined,  and  therefore  must  be  decomposing  in  the 
condensed  phase.  Because  ANTA  is  53%  of  the  complex  by  weight,  and  its  signal  ends  at 
44%  weight  loss,  at  least  17%  of  the  ANTA  decomposes.  A  second  experiment  with  the 
same  orifice  size  but  at  a  constant  temperature  of  185°C  lost  45%  of  its  initial  weight  in  the 
first  period,  35%  in  the  gradual  period,  and  left  20%  as  nonvolatile  residue.  Therefore, 
decomposition  at  higher  temperatures  produces  more  nonvolatile  residue  and  less  gaseous 
products.  The  dominant  product  m/z  values  in  the  gradual  decomposition  period,  their 
probable  identities,  and  approximate  order  of  importance  are:  44  (N,0,C0A  30  (NO 
CH20),  28  (N2,  CO),  18  (H20),  43,  27  (HCN),  42,  and  29  (CHO).  Most  of  the  signal  at 
m/z  30  is  due  to  NO,  with  the  rest  due  to  CH20. 

Heating  the  DNBT»2ANTA  complex  with  a  small  (25pim)  orifice  at  an  isotherm  of  190°C 
(Fig.  8B)  resulted  in  an  initial  rapid  weight  loss  (40%  of  initial  weight)  due  mostly  to 
decomposition,  followed  by  a  gradual  weight  loss  period  (6%)  and  leaving  a  significant 
amount  of  nonvolatile  residue  (54%  of  initial  weight).  The  dominant  product  m/z  values  in 
the  rapid  decomposition  period,  their  probable  identities,  and  approximate  order  of 
importance  are:  18  (H20),  28  (N2,  CO),  44  (N20,C02),  27  (HCN),  43,  30  (NO,  CH20), 
46  (N02),  45,  29  (CHO),  and  42.  Approximately  75%  of  the  signal  at  m/z  30  is  due  to 
NO,  with  the  rest  due  to  CH20.  The  dominant  product  m/z  values  in  the  gradual 
decomposition  period  and  their  probable  identities  in  approximate  order  of  importance  are: 
18  (H20),  44  (N20,C02),  28  (N2,  CO),  30  (NO,  CH20),  43,  27  (HCN),  46  (N02),  45,  42 
and  29  (CHO).  At  least  90%  of  the  signal  at  m/z  30  is  due  to  NO,  with  the  rest  due  to 


Figure  8A.  Heating  DNBT*2 ANTA  with  a  ~500  fi m  orifice  results  in  rapid  weight  loss  due  to  evaporation 
and  decomposition  of  both  components.  About  28%  of  initial  weight  is  left  as  nonvolatile  residue.  (The 
weight  loss  curve  is  normalized  so  the  Y-scale  is  100  %  of  the  initial  weight.  The  evaporation  and 
decomposition  signals  are  on  the  same  scale  in  arbitrary  units). 
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Figure  8B.  Heating  DNBT*2ANTA  at  190°C  with  a  25  /im  orifice  results  in  rapid  decomposition  but  very 
little  evaporation  (no  DNBT  is  observed)  and  leaves  -54  %  of  the  initial  weight  as  nonvolatile  residue.  (The 
weight  loss  curve  is  normalized  so  the  Y-scale  is  100  %  of  the  initial  weight.  The  evaporation  and 
decomposition  signals  are  on  the  same  scale  in  arbitrary  units). 


Publications  and  Technical  Reports 

R.  Behrens  and  S.  Bulusu,  "Thermal  Decomposition  Studies  of  1,3,3-Trinitroazetidine 
(TNAZ)  and  l-nitroso-3,3-dinitroazetidine  (NDNAZ)  by  Simultaneous 
Thermogravimetric  Modulated  Beam  Mass  Spectroscopy",  Proceedings  of  the  32 
JANNAF  Combustion  Meeting,  Huntsville,  Alabama,  October,  Vol.  638,  pp.  1  —  11, 

•i  aa  r*  r  r  7 


Behrens,  R.  and  S.  Bulusu,  “Thermal  Decomposition  of  HMX:  Low  Temperature 
Reaction  Kinetics  and  their  Use  for  Assessing  Response  in  Abnormal  Thermal 
Environments  and  Implications  for  Long-Term  Aging.  Decomposition,  Combustion 
and  Detonation  Chemistry  of  Energetic  Materials”,  ed.  T.B.  Brill,  et  al.  Vol.  418. 
1996,  Material  Research  Society:  Boston,  MA.  119  - 126. 

L.  Minier,  R.  Behrens,  and  S.  Bulusu,  "Solid-phase  Thermal  Decomposition  of  2,4- 
Dinitroimidazole  (2,4-DNI)",  Material  Research  Society  Symposium  Proceedings, 
Vol.  418,  pp.  Ill-  117,  1996. 

S.  Bulusu  and  R.  Behrens,  Jr.,  “A  Review  of  the  Thermal  Decomposition  Pathways  in 
RDX,  HMX  and  Other  Closely  Related  Cyclic  Nitramines”,  Defence  Science  Journal, 
Vol.  46,  pp.  346-360,  1996. 


21 


Thermal  Decomposition  of  Energetic  Materials 


Behrens 


R.  Behrens,  Jr.  and  S.  Bulusu,  “Thermal  Decomposition  Studies  of  a  New,  gem- 
Dinitroalkyl  Nitramine  1,3,3-Trinitroazetidine  (TNAZ)”,  Defence  Science  Journal 
Vol.  46,  pp.  361-  396,  1996. 


Behrens,  R.  and  S.  Bulusu,  The  Importance  of  Mononitroso  Analogues  of  Cyclic 
Nitramines  to  the  Assessment  and  the  Safety  of  HMX-Based  Propellants  and 
Explosives,  in  Challenges  in  Propellants  and  Combustion  100  Years  after  Nobel 
K.K.  Kuo,  Editor.  1997,  Begell  House,  Inc.:  New  York.  p.  275  -  289. 

Behrens,  R.,  L.  Minier,  and  S.  Bulusu.  “Coupling  Experimental  Data  and  a  Prototype 
Model  to  Probe  the  Physical  and  Chemical  Processes  of  2,4-Dinitroimidazole  Solid- 
Phase  Thermal  Decomposition.”  in  JANNAF  Combustion  Sciences  Subcommittee 
Meeting.  1997.  West  Palm  Beach,  FL:  Chemical  Propulsion  Information  Agency 
CPIA  Pub.  662,  pp.  549  -  567,  1997. 

Anderson,  K.,  et  al.  Mechanistic  and  Kinetic  Studies  of  the  Thermal  Decomposition  of 
TNAZ  and  NDNAZ.  in  JANNAF.  1997.  West  Palm  Beach,  FL:  Chemical  Propulsion 
Information  Agency,  CPIA  Pub.  662,  pp.  569  -  576,  1997. 

Scientific  Personnel 

Richard  Behrens,  Ph.D. 

Leanna  Minier,  Ph.D. 

Kraig  Anderson,  Ph.D. 

Jason  Homsy,  summer  student  intern 
Sabrina  Mack,  student  intern 
Jeanette  Wood,  student  intern 
Timothy  Buckley,  summer  student  intern 

Inventions:  none 


Bibliography 


1r.  Behrens,  Thermal  Decomposition  of  Energetic  Materials:  Temporal  Behaviors  of  the 
Rates  of  Formation  of  Gaseous  Pyrolysis  Products  from  Condensed-Phase  Decomposition 
of  Octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine,”  Journal  of  Physical  Chemistry  94 
6706  (1990). 

^Richard  Behrens,  Jr.  and  Suryanarayana  Bulusu,  “Thermal  Decomposition  of  Energetic 
Materials.  2.  Deuterium  Isotope  Effects  and  Isotopic  Scrambling  in  Condensed-Phase 
Decomposition  of  Octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine,”  Journal  of  Physical 
Chemistry  95,  5838-5845  (1991). 

3 Richard  Behrens  and  Suryanarayana  Bulusu,  ‘Thermal  Decomposition  of  HMX:  Low 
Temperature  Reaction  Kinetics  and  their  Use  for  Assessing  Response  in  Abnormal  Thermal 
Environments  and  Implications  for  Long-Term  Aging,”  in  Decomposition,  Combustion 
and  Detonation  Chemistry  of  Energetic  Materials,  edited  by  T.B.  Brill,  T.P.  Russel,  W.C. 
Tao  et  al.  (Material  Research  Society,  Boston,  MA,  1996),  Vol.  418,  pp.  1 19  - 126! 


22 


Thermal  Decomposition  of  Energetic  Materials 


Behrens 


^Richard  Behrens,  Jr.  and  Suryanarayana  Bulusu,  “Thermal  Decomposition  of  Energetic 
Materials  3.  Temporal  Behaviors  of  The  Rates  of  Formation  of  the  Gaseous  Pyrolysis 
Products  from  Condensed-Phase  Decomposition  of  1,3,5-Trinitrohexahydro-s-triazine,” 
Journal  of  Physical  Chemistry  96  (22),  8877  -  8891  (1992). 

^Richard  Behrens,  Jr.  and  Suryanarayana  Bulusu,  “Thermal  Decomposition  of  Energetic 
Materials.  4.  Deuterium  Isotope  Effects  and  Isotopic  Scrambling  (H/D,  13C/^0, 

14n/15n)  in  Condensed-Phase  Decomposition  of  1,3,5-Trinitrohexahydro-s-triazine,” 
Journal  of  Physical  Chemistry  96  (22),  8891-8897  (1992). 

^Richard  Behrens,  Jr.,  “Thermal  Decomposition  of  Energetic  Materials:  Temporal 
Behaviors  of  the  Rates  of  Formation  of  Gaseous  Pyrolysis  Products  from  Condensed- 
Phase  Decomposition  of  Octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine,”  Journal  of 
Physical  Chemistry  94,  6706-67 1 8  (1990). 

^Richard  Behrens,  Jr.,  Terry  A.  Land,  and  Suryanarayana  Bulusu,  Report  No.  CPIA- 
PUB-606-VOL-II,  1993. 

8R-  Behrens  and  S.  Bulusu,  “The  Importance  of  Mononitroso  Analogues  of  Cyclic 
Nitramines  to  the  Assessment  and  the  Safety  of  HMX-Based  Propellants  and  Explosives,” 
in  Challenges  in  Propellants  and  Combustion  100  Years  after  Nobel,  edited  by  Kenneth  K. 
Kuo  (Begell  House,  Inc.,  New  York,  1997),  pp.  275  -  289. 

^Richard  Behrens,  Leanna  Minier,  and  Suryanarayana  Bulusu,  Report  No.  CPIA  Pub 
662,  1997. 

10r.  Behrens  and  S.  Bulusu,  Report  No.  CPIA  Pub.  638,  1995. 

1  1r.  Behrens  and  S.  Bulusu,  “Thermal  Decomposition  Studies  of  a  New,  gem- 
Dinitroalkyl  Nitramine  1,3,3-Trinitroazetidine  (TNAZ),”  Defence  Science  Journal  (India) 
46  (5),  361  -  369  (1996). 

12Kraig  Anderson,  Jason  Homsy,  Richard  Behrens  et  al..  Report  No.  CPIA  Pub.  662, 
1997. 


23 


Thermal  Decomposition  of  Energetic  Materials 


Behrens 


Appendix 


24 


Presented  at  the  34th  JANNAF  Combustion  Subcommittee  Meeting 
West  Palm  Beach,  Florida,  October,  1997 

Coupling  Experimental  Data  and  a  Prototype  Model  to  Probe  the  Physical  and 
Chemical  Processes  of  2,4-Dinitroimidazole  Solid-Phase  Thermal  Decomposition 

Richard  Behrens  and  Leanna  Minier 
Combustion  Research  Facility 
Sandia  National  Laboratories 
Livermore,  CA  9455 1 

Suryanarayana  Bulusuf 
Energetic  Materials  Division 

U.S.  Army  Armament  Research,  Development  and  Engineering  Center 

Dover,  NJ  07801-5001 

ABSTRACT 


The  time-dependent,  solid-phase  thermal  decomposition  behavior  of  2,4-dinitroimidazole  (2,4-DNI)  has  been 
measured  utilizing  simultaneous  thermogravimetric  modulated  beam  mass  spectrometry  (STMBMS)  methods.  The 
decomposition  products  consist  of  gaseous  and  non-volatile  polymeric  products.  The  temporal  behavior  of  the  gas 
formation  rates  of  the  identified  products  indicate  that  the  overall  thermal  decomposition  process  is  complex.  In 
isothermal  experiments  with  2,4-DNI  in  the  solid  phase,  four  distinguishing  features  are  observed:  1)  elevated  rates 
of  gas  formation  are  observed  during  the  early  stages  of  the  decomposition,  which  appear  to  be  correlated  to  the 
presence  of  exogenous  water  in  the  sample;  2)  this  is  followed  by  a  period  of  relatively  constant  rates  of  gas 
formation;  3)  next,  the  rates  of  gas  formation  accelerate,  characteristic  of  an  autocatalytic  reaction;  4)  finally,  the 
2,4-DNI  is  depleted  and  gaseous  decomposition  products  continue  to  evolve  at  a  decreasing  rate. 

A  physicochemical  and  mathematical  model  of  the  decomposition  of  2,4-DNI  has  been  developed  and  applied 
to  the  experimental  results.  The  first  generation  of  this  model  is  described  in  this  paper.  In  this  model, 
decomposition  of  2,4-DNI  and  evolution  of  gaseous  products  is  controlled  by  at  least  six  basic  processes.  These 
processes  include:  1)  sublimation  and  decomposition  in  the  gas  phase  (small  contribution),  2)  decomposition  in  a 
reactive  shell  on  the  surface  of  the  particles,  3)  enhancement  of  the  reaction  rates  and  reduction  of  the  2,4-DNI 
sticking  coefficient  due  to  absorbed  exogenous  water  and  impurities  in  the  2,4-DNI  sample,  4)  the  growth  of 
polymeric  reactive  nuclei  in  the  reactive  shell,  5)  adsorption  of  2,4-DNI  on  the  surface  of  the  reactive  nuclei, 
followed  by  reaction  of  the  2,4-DNI  on  the  surface  to  release  gaseous  products  and  add  to  the  polymer,  and  6) 
transformation  of  the  polymer  formed  by  the  initial  reaction  with  2,4-DNI  to  a  more  thermally  stable  polymer, 
releasing  gas  in  the  process.  The  combination  of  processes  four  through  six  characterize  the  autocatalytic  nature  of 
the  2,4-DNI  decomposition.  Global  reaction  chemistry  is  currently  used  to  characterize  each  of  the  basic 
decomposition  processes.  The  development  of  the  model  is  presented  along  with  examples  of  the  model  applied  to 
experiments  conducted  under  a  range  of  different  conditions.  Differences  between  the  first  generation  of  the  model 
and  the  experimental  data  collected  under  different  conditions  suggest  refinements  for  the  next  generation  of  the 
model. 


INTRODUCTION 

There  is  an  ongoing  desire  in  the  propulsion  community  to  develop  the  capability  to  predict  the  response  of 
propulsion  systems  in  abnormal  environments,  which  may  be  encountered  during  their  deployment,  transport  or 
storage.  Exposure  to  elevated  temperatures  is  one  of  the  higher  probability  abnormal  events.  This  type  of  situation 
may  arise  due  to  inadvertent  exposure  to  fire  or  the  storage  at  unusually  high  temperatures.  To  characterize  the 
response  of  propulsion  systems  to  situations  in  which  elevated  temperatures  are  present  requires  the  ability  to  predict 
the  time  to  ignition,  caused  by  the  elevated  temperature,  and  the  violence  of  the  ensuing  event,  as  determined  by  the 
likelihood  to  transition  from  a  steady-state  deflagration  to  an  explosion  or  detonation. 
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Empirical  models  of  laboratory  scale  experiments  have  been  successfully  used  in  3-dimensional  codes  to  predict 
both  the  location  and  time  to  ignition.  However,  a  lack  of  understanding  of  the  processes  that  control  the 
combustion  in  a  bed  of  thermally  degraded  propellant  has  prevented  meaningful  predictions  of  the  degree  of  violence. 
To  overcome  this  limitation  requires  developing  a  better  understanding  of  the  combustion  processes  in  thermally 
degraded  propellants.  This  requires  major  advances  in  two  areas.  First,  the  morphological  and  chemical  changes  in 
the  propellant  must  be  understood  as  a  function  of  the  extent  of  thermal  degradation.  Second,  the  combustive 
behavior  of  thermally  degraded  propellants  must  be  understood.  This  implies  that  conductive  and  convective  burning 
in  porous  propellants  with  substantially  higher  surface  areas  must  be  understood. 

Our  work  addresses  the  first  issue.  As  propellants  are  slowly  heated,  the  rising  temperature  leads  to  changes  in 
the  morphology  of  the  propellant,  as  the  various  ingredients  undergo  phase  changes.  Accompanying  these  changes 
in  morphology  are  chemical  changes  caused  by  the  thermal  decomposition  processes  in  the  various  ingredients.  The 
accumulative  effect  of  morphological  and  chemical  changes  in  the  propellant  will  determine  the  state  of  the 
propellant  at  any  given  time.  The  challenge  is  to  understand  the  mechanisms  that  lead  to  both  the  morphological  an 
chemical  changes,  and  to  quantitatively  predict  the  extent  of  these  changes  as  a  function  of  time  and  temperature. 
This  is  a  difficult  problem,  but  one  that  may  now  be  addressed  with  new  experimental  and  computational 
capabilities. 

This  paper  addresses  one  specific  aspect  of  the  problem,  the  thermal  decomposition  processes  of  energetic 
ingredients  used  in  propellants.  More  specifically,  this  paper  addresses  the  issues  associated  with  both 
morphological  and  chemical  changes  that  occur  in  energetic  materials  as  they  are  heated  slowly,  below  their  ignition 
point.  In  this  regime,  reactions  in  the  condensed  phase  (solid  phase  of  the  reactant  or  solid/solution  phase  of  reactant 
and  decomposition  products)  dominate  the  thermal  decomposition  processes.  Typical  thermal  analysis  techniques 
such  as  differential  scanning  calorimetry  (DSC),  thermogravimetric  analysis  (TGA),  or  one-dimensional  time  to 
explosion  (ODTX)  methods  give  information  on  heat  generation,  mass  loss,  and  time  to  ignition,  respectively. 
While  this  information  is  useful  for  determining  the  temperature  range  in  which  significant  events  occur  in  the 
materials,  and  possibly  determining  the  temperature  dependence  of  the  overall  process,  they  do  not  provide 
information  on  the  physical  and  chemical  processes  that  underlie  the  overall  process.  Thus,  one  is  not  able  to  extract 
information  from  this  data  that  will  allow  one  to  predict  the  state  of  the  material  as  a  function  of  time  and 
temperature. 

In  our  work  over  the  last  twelve  years,  we  have  conducted  experiments  on  various  energetic  materials  with  the 
goal  of  understanding  the  physicochemical  processes  that  control  their  decomposition  behavior.  One  universal 
conclusion  of  this  work  is  that  there  is  always  more  than  one  process  that  contributes  to  control  the  rate  of 
decomposition,  and  that  these  processes  are  almost  always  coupled  with  each  other.  This  implies  that  the 
application  of  a  unimolecular  decomposition  model,  in  which  the  weakest  bond  in  the  molecule  determines  the  rate 
of  decomposition,  provides  an  inadequate  framework  with  which  to  characterize  the  decomposition  processes.  We 
have  also  found  that  profound  changes  in  the  morphological  features  of  the  material  often  accompany  the  chemical 
changes. 

In  our  past  work  on  the  decomposition  of  energetic  materials,  we  have  uncovered  many  of  the  underlying 
processes  that  control  their  rates  of  decomposition.  We  have  published  work  on  the  decomposition  of  cyclic 
nitramines,  (HMX,1'3  RDX,3'5  the  mononitroso  analogue  of  RDX,6  TNAZ,7  TNCHP  and  K68),  several  azoles 
(14DNI,9  24DNI,10  andNTO11),  and  ammonium  perchlorate  (AP)  and  AP-based  propellants.12  In  addition  to 
providing  new  insight  into  the  underlying  decomposition  processes,  we  have  obtained  extensive  quantitative  data  on 
the  rates  of  formation  of  the  gaseous  products  formed  during  the  decomposition  processes.  We  continue  with  new 
experiments  to  add  to  our  knowledge  of  these  materials. 

Currently,  we  are  extending  our  methods  to  new  levels,  by  developing  procedures  to  create  mathematical 
models  of  the  physicochemical  processes  that  occur  during  the  thermal  decomposition  of  energetic  materials  from  the 
data  measured  in  our  experiments.  The  ultimate  goal  of  this  effort  is  to  create  mathematical  models  of  the 
decomposition  processes  that  can  account  for  the  following  types  of  changes  in  an  energetic  material  as  it 
decomposes: 

1.  Identities  and  rates  of  formation  of  the  gaseous  and  condensed-phase  products. 

2.  Changes  in  particle  morphology  and  surface  area  of  particles  in  propellant. 

3.  Changes  in  porosity,  hardness,  strength  of  the  propellant. 
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4.  Energy  content  of  remaining  material 
--  in  reactant 

—  in  gaseous  decomposition  products. 

This  paper  illustrates  our  efforts  to  develop  procedures  for  creating  mathematical  models  of  the  physicochemical 
processes  that  occur  during  the  slow  decomposition  of  energetic  materials.  Our  desire  is  to  create  models  of  the 
thermal  decomposition  of  HMX,  RDX  and  AP-based  composite  propellants,  but  we  begin  here  with  development  of 
a  model  for  2,4-DNI,  which  we  believe  is  an  easier  starting  point  (although  not  that  easy  as  we  believe  the  reader 
will  recognize  by  the  conclusion  of  the  paper). 


The  2,4-dinitroimidazole  (2,4-DNI;  I),  is  a  C-nitro  heterocycle  compound,  that  has 
been  shown  ^  to  be  a  low  cost,  thermally  stable,  and  impact  insensitive  energetic 
material.  Under  shock  loading,  it  has  been  shown  to  be  less  shock  sensitive  than  other 
conventional  bonded  explosives,  with  the  exception  of  TATB-based  materials.14  It  also 
significantly  outperforms  TNT.  Several  features  of  the  2,4-DNI  decomposition  make  it 
attractive  to  model.  We  have  thoroughly  studied  its  thermal  decomposition  utilizing 
STMBMS  methods.  The  data  show  that  2,4-DNI  has  several  interesting  decomposition 
features.  These  include:  competition  between  formation  of  polymeric  and  gaseous  products,  creation  of  new  reaction 
pathways  through  nucleation  processes,  and  the  creation  of  a  decomposition  product  that  acts  as  an  autocatalyst. 
Similar  processes  occur  in  other  energetic  compounds  we  are  studying.  Therefore,  the  model  for  2,4-DNI  thermal 
decomposition  can  be  modified,  expanded  and  applied  to  other  compounds  with  similar  behaviors. 

EXPERIMENTAL 
INSTRUMENTATION  AND  METHODS 

The  design  and  operation  of  the  STMBMS  apparatus  and  the  basic  data  analysis  procedures  have  been 
described  previously.15"17  The  data  from  this  instrument  provides  the  identities  and  temporal  dependence  of  the  gas 
formation  rates  of  the  thermal  decomposition  products  formed  as  a  sample  decomposes.  The  exhaust  rate  of  gases 
from  the  reaction  cell  is  controlled  by  changing  the  diameter  of  the  orifice  in  the  reaction  cell,  which  allows  gases  to 
escape  from  the  cell  into  a  vacuum.  This  feature  is  used  for  altering  the  reaction  conditions  in  two  ways.  First,  as 
the  diameter  of  the  orifice  is  decreased,  the  pressure  of  the  gaseous  decomposition  products  in  the  cell  increases.  For 
compounds  in  which  reactions  between  the  gaseous  decomposition  products  and  the  reactant  occur,  this  allows  the 
contribution  of  this  pathway  to  be  identified  and  separated  from  other  competing  pathways.  Second,  as  the  diameter 
of  the  orifice  is  increased,  the  fraction  of  the  sample  that  sublimes,  without  reacting,  increases.  For  studying 
reactions  in  the  solid  phase  this  allows  one  to  vary  the  fraction  of  nearest  neighbors  in  the  sample  that,  decompose. 
Thus,  it  is  possible  to  sort  out  reactions  in  the  solid  phase  that  depend  on  interactions  with  nearest  neighbors  from 
those  that  do  not.  The  use  of  these  features  will  be  illustrated  with  the  results  on  2,4-DNI  and  the  accompanying 
model  of  its  decomposition. 

Several  changes  in  the  experimental  methods  have  been  made  since  earlier  publications.  First,  the  cap  in  the 
reaction  cell  is  now  sealed  using  vacuum  grease  and  a  viton  o-ring  between  the  taper  plug  and  the  gold  foil  pinhole 
orifice.  The  results  from  decomposition  experiments  presented  in  this  paper  utilize  a  gold  foil  with  a  25|im-  and 
50p.m-diameter  orifices.  Second,  the  data  presented  in  this  paper  for  the  rate  of  generation  of  gaseous  products  is  the 
rate  of  their  exhaust  from  the  reaction  cell,  as  compared  to  the  rate  of  their  formation  within  the  cell  as  was  presented 
in  our  previous  papers.  This  change  allows  direct  comparison  between  the  experimental  results  and  the  model. 

MATERIALS 

Unlabeled  2,4-DNI  (98±1%  purity)  samples  were  obtained  from  Dr.  Phil  Pagoria  at  LLNL  and  used  as 
received.  The  major  impurities  in  the  2,4-DNI  samples  are  water  and  the  synthetic  starting  material,  4- 
nitroimidazole  (4-NI). 
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RESULTS  AND  DISCUSSION 


CHARACTERISTICS  OF  SOLID-PHASE  THERMAL  DECOMPOSITION 

Our  experiments  show  that  neat  2,4-DNI  undergoes  substantial  thermal  decomposition  in  the  solid  phase 
between  200°C  and  255°C.  The  identities  of  the  pyrolysis  products  in  the  temperature  range  studied,  have  been 
reported  previously.18  Between  200°C  and  255°C,  2,4-DNI  undergoes  simultaneous  sublimation  and  decomposition. 
The  major  products  consist  of  low-molecular  weight  gases  (NO,  C02,  H20,  HNCO,  CO,  N2  and  HCN),  and  a  non¬ 
volatile,  polymeric  residue.  The  temporal  behaviors  of  the  product  gas  formation  rates  (GFRs)  are  similar  for  the 
entire  temperature  range  studied.  The  results  from  a  typical  experiment  are  represented  by  the  GFR  data  of  the  major 
gaseous  products  formed  at  235°C,  shown  in  Figure  1.  There  are  several  interesting  features  of  the  temporal 
behaviors  of  the  GFRs  of  the  various  products. 

1.  As  the  sample  approaches  its  isothermal  temperature,  water  appears  early  and  is  correlated  with  an  increase  in 
the  vaporization  rate  of  2,4-DNI  and  an  increase  in  the  GFRs  of  the  decomposition  products. 

2.  After  these  initial  GFRs  decrease,  there  is  a  period  of  relatively  constant  GFRs  for  all  major  products. 

3.  Following  the  period  of  relatively  constant  GFRs,  there  is  an  accelerating  rate  of  increase  in  the  GFRs, 
typical  of  an  autocatalytic  process.  The  rate  of  increase  continues  to  accelerate  until  the  2,4-DNI  is  depleted  at 
approximately  38000  seconds. 

4.  Decomposition  products  continue  to  evolve  after  the  2,4-DNI  is  depleted.  At  the  completion  of  the 
experiment,  approximately  40%  of  the  2,4-DNI  that  has  decomposed  (not  sublimed)  remains  as  a  nonvolatile 
polymeric  residue. 


time  (sec) 


Figure  1.  Gas  formation  rates  of  products  from  the  isothermal  decomposition  of  10.3  mg  of  2,4-DNI  at  235°C  in  a 
0.193  cc  reaction  cell  with  a  25p-diameter  exit  orifice.  Isothermal  235°C  is  obtained  at  -2300  seconds,  and 
maintained  throughout  the  remainder  of  the  experiment. 

The  processes  involved  in  each  stage  of  the  decomposition  are  better  clarified  by  a  series  of  three  experiments, 
each  designed  to  highlight  the  various  stages  of  the  decomposition.  In  the  first  experiment,  2,4-DNI  (~10mg)  is 
heated  and  maintained  at  200°C  for  four  hours.  This  experiment  is  designed  to  eliminate  adsorbed  H20  and 
contaminants  that  may  be  contributing  to  the  early  decomposition  stage.  In  the  second  experiment,  the  contents 
remaining  in  the  reaction  cell  from  the  first  experiment  are  thermally  decomposed  at  235°C  to  completion  (2,4-DNI 
is  no  longer  present).  The  second  experiment  is  designed  to  observe  if  the  early  decomposition  is  eliminated  by  the 
previous  experiment,  and  to  observe  the  decomposition  of  neat  2,4-DNI.  In  the  third  experiment,  the  residue  formed 
in  the  second  experiment  is  cooled  to  room  temperature,  mixed  with  additional  2,4-DNI  (~10mg),  and  decomposed  to 
completion  at  235°C.  The  third  experiment  is  designed  to  observe  if  the  residue  is  acting  as  an  autocatalyst  in  the 
decomposition  reaction.  The  resulting  product  GFRs  of  the  three  experiments  are  shown  in  Figures  2a-c. 
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Figure  2.  Gas  formation  rates  of  the  products  from  three  experiments;  (a)  decomposition  of  -10  mg  of  2,4-DNI  at 
200°C,  (b)  decomposition  at  235°C  of  the  2,4-DNI  remaining  from  the  previous  experiment  and  (c)  decomposition  at 
235°C  of  10  mg  of  fresh  2,4-DNI  that  is  mixed  with  the  residue  from  experiment  (b). 

Early  decomposition  stage .  The  dominant  process  during  this  stage  is  desorption  of  the  water  from  the 
surface  layers  of  the  2,4-DNI  particles  as  2,4-DNI  sublimes,  and  the  loss  of  impurities  remaining  from  the  synthesis, 
such  as  4-NI.  The  GFRs  of  the  species  that  evolve  as  2,4-DNI  is  taken  and  held  at  200°C  are  shown  in  Figure  2a. 
There  is  an  onset  of  decomposition  that  occurs  near  the  time  when  2,4-DNI  begins  to  sublime.  Water  is  the  most 
abundant  evolving  gas,  obtaining  a  maximum  GFR  as  200°C  is  approached,  and  then  decaying  with  time.  Studies 
with  deuterium  labeled  2,4-DNI-D2  have  shown  that  most  of  the  H20  that  evolves  during  this  time  is  from  an 
exogenous  source  and  is  not  a  decomposition  product.  The  desorption  of  water  correlates  with  increased  reaction  rates 
during  the  early  decomposition  process  of  2,4-DNI.  Further  support  for  the  presence  of  water  altering  the  early 
decomposition  process  is  the  observed  decrease  in  the  extent  of  the  early  decomposition  when  the  sample  is  heated 
from  200°C  to  the  next  isothermal  temperature  of  235°C  (Fig.  2b).  The  extent  of  the  increase  in  the  GFRs  of  the 
decomposition  products  during  the  early  decomposition  period  of  mostly-dehydrated  2,4-DNI  (Fig.2b),  is 
substantially  less  than  observed  during  the  early  decomposition  stage  of  hydrated  2,4-DNI  (Fig.l). 

Induction  and  accelerating-rate  stages.  Two  processes  dominate  the  decomposition  of  2,4-DNI  during  the 
induction  and  accelerating  stages.  One  process  involves  either  gas-phase  reactions  within  the  reaction  cell  or 
reactions  on  the  surface  of  the  2,4-DNI  particles.  This  process  forms  the  observed  gaseous  products  and  must  lead  to 
the  development  of  the  second  process.  The  second  process  involves  reaction  between  2,4-DNI  and  the  reactive 
intermediates  formed  during  the  induction  stage.  As  the  second  process  evolves  the  rate  of  reaction  must  increase, 
suggesting  that  this  process  itself  accelerates  the  rate  of  this  process.  The  temporal  behaviors  of  the  GFRs  of 
products  formed  during  each  stage  is  illustrated  by  the  data  in  Figure  2b.  The  induction  stage  is  characterized  by  the 
behavior  of  the  product  GFRs  up  to  approximately  8000  sec,  at  which  point  the  GFRs  start  to  gradually  increase  and 
the  accelerating  rate  stage  commences. 

Decay  stage.  This  stage  is  characterized  by  the  evolution  of  gaseous  products  formed  after  the  reactant  is 
depleted.  The  products  that  evolve  during  this  stage  are  formed  from  the  decomposition  of  the  secondary  nonvolatile 
products  formed  during  the  earlier  stages  of  the  decomposition.  During  this  stage  of  reaction,  the  processes 
associated  with  the  direct  decomposition  of  2,4-DNI  have  stopped  and  only  products  originating  from  the 
decomposition  of  secondary  products  are  observed. 

These  four  stages  of  the  reaction  provide  the  basis  for  our  model  of  the  decomposition  of  2,4-DNI. 

PROTOTYPE  MODEL  FOR  THE  THERMAL  DECOMPOSITION  OF  2.4-DNI 

A  first-generation  model  to  characterize  the  thermal  decomposition  processes  of  2,4-DNI  has  recently  been 
developed.  The  important  features  of  the  model  are  derived  from  the  physical  parameters  of  conducting  an  experiment 
in  the  reaction  cell,  the  temporal  behaviors  of  the  GFRs  of  the  gaseous  decomposition  products,  visual  observations 
of  the  decomposition  process,  microscopy  of  the  reactant  and  residual  products,  and  IR  spectra  of  the  non-volatile 
decomposition  products.  These  features  are  illustrated  in  Figures  3  and  4.  Details  of  the  visual  observations, 
microscopy,  and  infrared  measurements  will  be  included  in  a  future  publication.  As  illustrated  in  Fig.  3,  when  the 
sample  is  first  heated  to  its  isothermal  temperature,  a  quasi-equilibrium  is  established  between  the  rate  of 
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vaporization  (kv)  and  rate  of  condensation  (kc)  of  2,4-DNI,  which  essentially  maintains  2,4-DNI  in  the  gas  phase 
near  its  equilibrium  vapor  pressure.  The  rate  of  evolution  of  2,4-DNI  from  the  reaction  cell  is  determined  by  the 
number  density  of  2,4-DNI  in  the  reaction  cell  and  the  flow  characteristics  (ke)  of  gas  through  the  reaction  cell 
orifice.  The  2,4-DNI  contained  in  the  reaction  cell  undergoes  several  different  reaction  processes  (which  will  be 
described  in  more  detail  below).  The  gaseous  products  exit  through  the  reaction  cell  orifice,  their  rates  also  being 
determined  by  the  flow  characteristics  of  the  orifice  (ke).  As  the  2,4-DNI  contained  in  the  reaction  cell  nears 
depletion,  the  observed  gaseous  products  evolve  solely  from  a  polymeric  residue  formed  during  the  decomposition. 


Figure  3.  Schematic  representation  of  2,4-DNI  decomposition  in  a  reaction  cell. 

The  general  features  of  the  reaction  model  for  the  processes  that  control  2,4-DNI  decomposition  are  illustrated 
in  Figure  4.  In  this  model,  2,4-DNI  in  the  gas  phase  may  decompose  within  the  reaction  cell  (step  1).  The  first 
stages  of  the  decomposition  are  affected  by  the  presence  of  water  absorbed  in  the  outer  layers  of  the  particle  (step  2). 
As  the  2,4-DNI  begins  to  decompose,  reactions  occur  in  a  surface  layer  on  the  particle  (step  3),  and  gaseous  products 
evolve.  As  the  2,4-DNI  decomposes  in  this  surface  shell,  a  portion  of  each  molecule  remains  behind  in  the  shell. 
The  fragments  of  each  decomposed  2,4-DNI  molecule  remaining  in  the  reactive  shell  combine  to  form  larger 
polymeric  nuclei  (step  4).  When  these  nuclei  reach  a  critical  size,  they  undergo  direct  reaction  with  2,4-DNI.  The 
reaction  between  the  2,4-DNI  and  the  polymer  (A)  is  then  controlled  by  the  transport  rate  of  2,4-DNI  to  the  polymer 
surface  (A)  (step  5)  where  reaction  occurs  at  the  interface  between  2,4-DNI  and  polymer  (A)  (step  6).  Reaction 
between  polymer  (A)  and  2,4-DNI  leads  to  release  of  gaseous  products  and  growth  of  polymer  A.  As  the  reactions 
continue,  polymer  (A)  decomposes,  releasing  gaseous  products  and  forming  a  new  polymer  (B)  (step  7).  Polymer 
(B)  under  the  normal  course  of  decomposition  can  still  react  with  2,4-DNI,  leading  to  further  growth  of  the  polymer. 
At  the  model’s  present  state  of  development,  global  chemistry  is  used  to  represent  the  various  chemical  reactions  that 
occur  during  each  of  the  processes  just  described.  Differences  between  the  rates  of  gas  formation  predicted  by  the 
model  and  the  measured  data  will  be  used  to  generate  a  second-generation  model  of  the  2,4-DNI  decomposition 
processes  that  include  more  details  on  the  individual  chemical  reactions  involved  in  each  process.  Eventually, 
individual  reaction  mechanisms  will  be  formulated  to  characterize  each  step  of  the  process. 
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Figure  4.  Schematic  representation  of  2,4-DNI  decomposition  processes  in  the  solid  phase. 


The  global  reaction  chemistry  for  the  main  decomposition  processes  of  2,4-DNI  is  captured  by  fitting  the 
reaction  model  to  our  data.  The  reaction  chemistry  for  the  gas  phase  is  characterized  by 


k. 


24  DNI(g)^ygf/0NO  + 

Vg,C02C02  + 

V',H„W  +  V,.hkoHNCO  + 

Vs.hcnHCN 

Vg,N2^2 

V g,CO  CO  +  V g,N2  ^2  d"  V8,rolyI8  PoWsf 

(1) 


where  kg  is  the  rate  constant  for  this  reaction  and  Vg  xxx  is  the  global  stoichiometric  coefficient  for  species  xxx  in  this 
reaction.  The  reaction  in  the  surface  shell  is  characterized  by 

24  DNI{S)hysNONO  +  VsX02CO2  +  V  sH2QH20  +  VstmcoHNCO  +  (2) 

Vs,hcnHCN  +  V,niN2  +  Vs.coCO  +  ysN2  N2  +  VsPolyIe  Polylsf 

where  ks  is  the  rate  constant  for  this  reaction  and  v„xx  is  the  global  stoichiometric  coefficient  for  species  xxx  in  this 
reaction.  This  reaction  leads  to  the  formation  of  the  species,  Polylsf,  that  form  nucleation  centers  which  react 
directly  with  2,4-DNI  after  they  grow  to  some  critical  size.  The  reaction  between  the  adsorbed  2,4-DNI  on  the 
surface  of  the  reactive  polymer  Poly  As,  is  characterized  by 


24 D NI  (ab)  +  PolyAs 


kr 

-> Vr,mN0 


+ 


+  Vr,HC»HCN  + 


Vr,N2  ^2 


Vr.COlCQ  +  Vr,H20^2^  +  V r,HNCO  HNCO 

+  Vr.CO  C0  +  Vr,N2  N2  +  f1  +  V r.Po ,yAs)P°lyAs 


0) 


where  kr  is  the  rate  constant  for  this  reaction  and  Vr  xxx  is  the  global  stoichiometric  coefficient  for  species  xxx  in  this 
reaction.  Note  that  this  reactions  leads  to  the  growth  of  PolyAs.  PolyAs  then  decomposes,  releasing  gases  and 
forming  a  second  polymeric  species,  PolyBs.  This  reaction  is  characterized  by 

k 

PolyAs  4ypN0N0  +  ypX02C02  +  VpM20H20  +  VpmcoHNCO  +  (4) 

V pjic.N  HCN  +  y p  N 2N2  +  yp  C0  CO  +  y p  N2  N2  +  yp  !>0lyBs  PolyBs 
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where  kpd  is  the  rate  constant  for  this  reaction  and  vpxxx  is  the  global  stoichiometric  coefficient  for  species  xxx  in 
this  reaction. 


The  mathematical  model  of  2,4-DNI  thermal  decomposition  is  described  by  a  set  of  time-dependent,  first  older 
differentia]  equations  representing  the  physical  processes  and  the  evolution  of  gaseous  products.  For  example,  the 
rate  of  change  of  2,4-DNI  in  the  solid  phase  during  the  course  of  a  decomposition  experiment  is  described  by 


d24DNI(s)(t) 

dt 


=  asurf  l(t)  *  [-  ks  l(t)  *  xreact(t)  +  kc  l(t)  *  stick(t)  *  24  DNI(*)(t)] 


-  ks*nshell(t) 


(5) 


where  asurfl(t)  is  the  surface  area  of  2,4-DNI  particles,  ksl(t)  is  the  sublimation  rate  constant,  kcl(t)  is  the  gas 
kinetic  collision  rate  of  2,4-DNI  with  the  particle  surfaces,  xreact(t)  is  the  modification  of  the  reactivity  of  the 
surface  due  to  water  absorbed  in  the  particles,  stick(t)  is  the  2,4-DNI  sticking  probability  on  the  particle  surfaces, 
24DNI  (g)(t)  is  the  concentration  of  2,4-DNI  in  the  gas  phase,  ks  is  the  rate  constant  for  reaction  in  the  surface  shell, 
and  nshell(t)  is  the  amount  of  material  in  the  reactive  shells  of  the  particles.  An  example  of  a  rate  expression 
characterizing  the  time-dependent  behavior  of  the  gaseous  product  concentrations  within  the  cell  is  given  by  the 
expression  for  the  time-dependent  rate  of  change  of  NO  within  the  cell. 


dNO(t) 

dt 


— -  *  [kg*  vcell*  vs,  no  *  24DNI(g)(t)  +  ks(t)*  vs,  No*nshell(r)  + 
vcell 

kr*  v  r,  no*  24  DNI(adS)(t)  +  kpd*vP,No*  PolyAs(r)]  -  kel(t)*NO(t) 


(6) 


where  vcell  is  the  free  volume  of  the  reaction  cell,  kg  is  the  rate  constant  for  reaction  in  the  gas  phase,  kr  is  the  rate 
constant  for  reaction  between  the  polymer  and  2,4-DNI  adsorbed  on  the  polymer  surface,  24DNI(ads)(t),  kpd  is  the 
rate  of  decomposition  of  the  polymer,  Poly  As  to  PolyBs,  kel(t)  is  the  constant  that  characterizes  the  rate  of  exhaust 
from  the  cell,  and  NO(t)  is  the  concentration  of  NO  in  the  cell.  The  other  parameters  are  defined  above. 

The  rate  expression  characterizing  the  time-dependent  behavior  of  water  within  the  cell  must  also  account  for 
the  evolution  of  water  that  is  absorbed  in  the  sample.  Thus,  the  time-dependent  concentration  of  water  in  the 
reaction  cell  is  given  by 

HzCMt)  =  H2Or  (t)  +  H2Oa  (t)  (7) 


where  H2Ot  (t)  is  the  total  concentration  of  water  in  the  cell,  H2Or  (t)  is  the  concentration  of  water  originating  from 
the  decomposition  of  2,4-DNI  and  H2Oa  (t)  is  concentration  of  water  originating  from  the  absorbed  water  in  the 
particles.  The  time-dependent  rate  of  change  of  the  concentration  of  water  originating  from  absorbed  water  in  the 
particles  is  given  by 


d  H2Qa  (t) 
dt 


1  f  ks  1  (t)  *  xwater(t)  *  asurf(t)  -  ke  1  (t)  *  H2Oa  (t)^ 


vcell  v 


asurf(t)  *  kc  1  (t)  *  HzO  A  (t) 


where  xwater(t)  is  the  mole  fraction  of  water  at  the  surface  of  the  particle  at  time  t  and  the  other  parameters  are 
described  above. 


The  rate  of  growth  of  the  nuclei  in  the  reactive  shell  on  the  2,4-DNI  particles  is  given  by 

d  nuclei(t)  ,  ^  T  , 

-  =  knuc*polyIsf(t)  (9) 

dt 

where  knuc  is  the  rate  constant  for  nucleation  and  Polylsf  is  the  concentration  of  the  fragments  formed  from  the 
decomposition  of  2,4-DNI  in  the  shell  on  the  surface  of  the  2,4-DNI  particles.  When  the  nuclei  reach  some  critical 
size  they  can  then  undergo  reaction  directly  with  24DNI  that  is  absorbed  on  their  surface. 


The  rate  of  growth  of  polymer,  Poly  As,  is  given  by 


dPolyAs(t) 

dt 


=  kr(t)*aads(t)  -  kpd(t)*PolyAs(t) 


(10) 
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where  PolyAs(t)  is  the  monomer  unit  from  each  2,4-DNI  molecule  that  adds  to  the  polymer  during  the  reaction, 
aads(t)  is  the  amount  of  2,4-DNI  absorbed  on  the  surface  of  the  polymer,  kr(t)  is  the  rate  constant  for  the  reaction  of 

2.4- DNI  absorbed  on  the  surface  of  the  polymer,  and  kpd(t)  is  rate  of  decomposition  of  the  polymer  formed  from 
Poly  As  to  a  different  polymer,  PolyBs.  The  stoichiometry  of  the  Poly  As  monomer  unit  is  the  difference  between 
the  stoichiometry  of  2,4-DNI  and  the  stoichiometry  of  the  gases  lost  in  the  reaction  between  2,4-DNI  and  polymer 
PolyAs. 

The  rate  of  formation  of  the  PolyBs  polymer  is  given  by 

^^«  =  kpd(t)*PolyAs(t)  (11) 

dt 

The  stoichiometry  of  the  PolyBs  monomer  unit  is  the  difference  between  the  stoichiometry  of  the  PolyAs  monomer 
and  the  stoichiometry  of  the  gases  lost  as  the  PolyAs  polymer  decomposes  to  the  PolyBs  polymer. 

ILLUSTRATION  OF  THE  MODF.T , 

Basis  Experiment.  An  illustration  of  the  application  of  the  model  to  the  results  from  a  decomposition 
experiment  conducted  at  235°C  is  shown  in  Figure  5.  The  set  of  time-dependent  first  order  differential  equations 
representing  the  model  are  solved  numerically.  The  rate  constants  and  stoichiometric  coefficients  are  determined  from 
fits  of  the  model  to  the  measured  data.  The  data  in  Fig.  5  shows  a  number  of  features  of  the  decomposition  process. 
The  plots  with  only  species  labels  show  the  data  (solid  lines)  and  the  results  of  the  calculation  from  the  model 
(dashed  line).  The  plots  labeled  as  “species  channels”  show  the  contribution  of  each  decomposition  pathway  to  the 
rate  of  formation  of  each  decomposition  product.  The  plot  labeled  “reaction  shell”  shows  the  amount  of  2,4-DNI  in 
the  reaction  shell.  For  results  from  all  of  the  calculations  involving  the  reaction  shell  shown  in  this  paper,  the 
particle  size  of  2,4-DNI  was  estimated  to  be  10  (xm  and  the  thickness  of  the  reactive  shell  was  assumed  to  be  10  nm. 
Thus,  a  combination  of  the  particle  diameter,  the  thickness  of  the  reaction  shell  and  the  rate  constant,  ks,  are  coupled 
parameters  in  the  model.  In  this  case,  we  held  the  particle  diameter  and  reaction  shell  thickness  constant  and  varied 
ks  to  fit  the  data.  Figure  5  also  shows  one  plot  of  the  amount  of  each  polymer  and  another  plot  of  the  surface  area 
of  the  polymer  that  is  available  for  reaction  with  2,4-DNI.  For  the  polymers,  polylsf  represents  the  amount  of 
monomer,  formed  from  reaction  in  the  shell,  that  is  not  incorporated  into  critical  size  nuclei.  Nuclei(t)  represents  the 
amount  of  polylsf  monomers  that  have  been  incorporated  into  nuclei  of  a  critical  size  that  can  react  with  2,4-DNI 
absorbed  on  their  surface.  PolymerA  represents  the  PolyAs  product  and  PolymerB  represents  the  PolyBs  product. 

In  this  first  generation  of  the  model,  several  assumptions  have  been  made  with  regard  to  the  polymers.  First, 
the  size  of  the  critical  size  nuclei  is  an  unknown  value.  In  these  calculations,  we  have  assumed  the  nuclei  to  be 
spherical  and  chosen  to  be  a  diameter  that  is  some  fraction  of  the  2,4-DNI  particle  diameter.  We  have  used  a  value  of 
1/1 0th  of  the  2,4-DNI  particle  diameter  in  this  paper.  Better  estimates  of  this  parameter  will  be  made  in  the  future 
from  microscopy  measurements.  Second,  2,4-DNI  is  assumed  to  cover  the  surface  of  PolyAs  with  one  monolayer  of 

2.4- DNI.  The  gas  kinetic  collision  rate  of  2,4-DNI  with  the  surface,  under  the  conditions  of  these  experiments,  will 
easily  maintain  a  coating  of  2,4-DNI  on  the  surface  of  the  polymer.  Build  up  of  more  than  one  layer  of  2,4-DNI  on 
the  surface  of  the  polymer  probably  occurs,  but  inclusion  of  this  behavior  in  the  model  would  not  add  any  new 
features  to  the  process  and  would  increase  the  complexity  of  the  model.  The  surface  concentration  of  2,4-DNI  on  the 
polymer  is  determined  by  assuming  the  2,4-DNI  are  spherical  molecules  and  estimating  the  diameter  of  the  individual 
molecules  from  the  density  of  2,4-DNI.  Finally,  the  surface  area  of  the  polymer  is  determined  by  calculating  the 
amount  of  decomposed  2,4-DNI  that  resides  in  the  polymer,  calculating  the  volume  occupied  by  the  polymer  from 
estimates  of  its  density,  and  then  distributing  the  total  volume  of  polymer  over  the  number  of  critical  size  nuclei 
formed  up  the  current  point  in  time.  The  density  of  the  polymer  is  assumed  to  be  -  1.4  gm/cm3.  This  value  is 
based  on  infrared  spectra  suggesting  the  polymer  has  a  polyamide-like  functionality  and  using  an  average  density  of 
several  different  amino  acids.  The  parameters  of  the  polymer  discussed  here  along  with  the  rate  constant  kr  form 
another  set  of  coupled  parameters  in  the  model.  All  of  the  parameters  are  kept  constant,  except  for  kr,  which  is 
varied  to  fit  the  data. 

The  fraction  of  water  absorbed  in  the  particles,  xwater(t),  is  determined  from  the  measurements.  The 
distribution  of  the  water  beneath  the  surface  of  the  particle  at  time  t=0  is  also  determined  from  the  experimental  data. 
In  addition,  exchange  of  hydrogen  with  deuterium  on  at  the  labile  2-position  of  the  2,4-DNI  molecule  in  a  deuterium 
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labeled  2,4-DNI  sample  is  also  used  to  determine  the  distribution  of  the  water  that  has  diffused  into  the  2,4-DNI 
particles.  The  details  of  these  measurements  will  be  described  in  a  later  publication. 

The  method  used  to  determine  the  parameters  in  the  model  is  as  follows: 

1 .  The  calculated  rate  of  evolution  of  2,4-DNI  from  the  reaction  cell  is  compared  to  the  data.  Slight 
adjustments  (<  5  %)  are  made  to  the  diameter  of  the  orifice  to  approximately  match  the  initial  measured 
evolution  rate  of  2,4-DNI. 

2.  Initial  guesses  for  the  stoichiometric  coefficients  of  several  products  are  made. 

3.  The  rate  constants,  ks,  knuc,  and  kr  are  varied  to  match  the  temporal  behavior  of  the  gas  evolution  rates,  and 
more  importantly,  are  varied  such  that  the  calculated  time  for  depletion  of  the  2,4-DNI  matches  the  data. 

4.  The  rate  constant  kpd  is  varied  to  match  the  gas  evolution  rates  after  the  2,4-DNI  is  depleted. 

5.  The  calculated  rates  of  gas  evolution  for  each  product  are  compared  to  the  measured  rates.  The 
stoichiometric  coefficients  are  renormalized  to  obtain  the  best  fit. 

6.  Steps  3  and  4  are  repeated  with  the  new  stoichiometric  coefficients. 

7 .  The  stoichiometric  coefficients  associated  with  each  process  are  checked  to  determine  if  they  appear  to  be 
plausible  reactions. 

For  each  process,  the  coupled  parameters,  the  rate  constant  and  stoichiometric  factors,  can  be  varied 
dependently  to  obtain  the  same  gas  evolution  rates  of  the  products.  However,  this  variation  will  require  a  correlated 
variation  in  the  other  processes  to  maintain  the  same  length  of  time  for  depletion  of  the  sample.  Thus,  only  certain 
combinations  of  rate  constants  and  stoichiometric  coefficients  are  allowed.  This  criteria  will  be  used  in  future 
analysis  of  this  data  to  obtain  the  most  chemically  plausible  reaction  pathways  that  are  consistent  with  the  data. 

This  data  analysis  method  has  been  applied  to  the  data  set  shown  in  Figure  5.  A  comparison  of  the  cdculated 
fits  with  the  data  shows  that  the  model  captures  most  features  of  the  data.  Several  interesting  features  are  worth 
noting.  The  contribution  of  the  absorbed  water  (H20  abs)  matches  the  data  quite  well.  The  enhancement  in  the 
reaction  rates  caused  by  the  presence  of  water  is  also  captured  by  the  model.  The  origin  of  some  products,  such  as 
H20  and  C02  ,  is  greater  from  reaction  in  the  shell.  Whereas,  the  origin  of  other  products,  such  as  HCN  and  HNCO, 
is  greater  from  reaction  between  the  polymer  and  the  adsorbed  2,4-DNI.  Further  examination  of  the  origins  of  the 
HCN  and  HNCO  show  that  HNCO  is  more  likely  to  originate  from  the  direct  reaction  of  2,4-DNI  with  the  polymer 
and  less  likely  to  originate  from  the  subsequent  decomposition  of  the  polymer  while  the  opposite  is  true  for  HCN. 
The  contribution  from  decomposition  in  the  gas  phase  is  almost  zero  compared  to  the  other  channels.  The  reason  for 
this  situation  in  the  model  will  become  apparent  when  the  results  from  decomposition  in  a  larger  volume  reaction 
cell  are  discussed  below.  The  final  aspect  to  discuss  briefly  is  the  relative  amount  of  the  different  species  associated 
with  nucleation  and  growth  of  the  polymers.  A  comparison  of  the  amount  of  polylsf  monomer,  that  has  been 
incorporated  into  an  active  nucleation  site  (nuclei),  to  the  amount  of  polylsf  that  remains  free  of  active  sites 
(polylsf),  shows  that  the  fraction  of  polylsf  in  the  active  nuclei  during  the  early  stages  of  the  experiment  are  small. 
After  a  small  number  of  nuclei  are  formed  the  total  amount  of  polymer  available  for  reaction,  the  sum  of  Polymer  A 
and  Polymer  B,  is  formed  predominantly  by  reaction  of  2,4-DNI  with  the  polymer.  While  this  nucleation  model 
provides  the  correct  delay  for  onset  of  the  growth  of  the  polymer,  whether  or  not  the  nucleation  process  used  here 
properly  characterizes  the  actual  nucleation  process  in  2,4-DNI  will  require  further  experiments. 
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24dni 


Experimental  Parameters: 

Orifice  diameter  (urn):  25. 

Isothermal  temp  (C):  235.6 
Reaction  cell  volume  (cm3):  0.199 
Sample  weight  (mg):  10.28 
Average  particle  dia  (pm):  -10.  (est.) 


HNCO 


HNCO  Channels 


C02 


Surface  Area  (cm2) 


Time  (sec  x  1 0^ ) 

Figure  5.  The  evolution  rates  of  gaseous  products  from  the  decomposition  of  2,4-DNI  at  235°C  in  a  reaction  cell 
with  a  25  pm  diameter  orifice  are  shown  along  with  the  results  from  a  model  of  the  decomposition  process.  Plots 
with  only  product  labels  show  the  measured  rate  of  gas  evolution  from  the  reaction  cell  (solid  line)  and  the  resulting 
fit  of  the  model  (dashed  line)  for  each  product.  Plots  of  the  product  channels  show  the  contribution  of  each  channel 
described  in  the  model  to  the  overall  evolution  of  each  decomposition  product.  The  legend  for  each  type  of  plot  is 
shown  in  the  first  plot  in  each  row. 
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Catalysis  Experiment.  The  next  experiment  assessed  the  catalytic  activity  of  the  polymer  formed  during  the 
decomposition  of  2,4-DNI.  In  this  experiment,  10.32  mg  of  2,4-DNI  was  added  to  the  residue  remaining  from  the 
previous  experiment  in  the  manner  described  above.  The  data  and  the  results  from  the  model  are  shown  in  Fig.  6. 

The  number  of  parameters  in  the  model,  which  were  varied  for  this  experiment  and  the  remainder  of  the 
experiments  described  in  this  paper,  were  significantly  reduced  from  the  first  experiment.  The  reason  for  this  is 
twofold.  First,  we  wanted  to  determine  how  well  the  parameters  from  one  experiment  would  fit  another.  Second, 
we  wanted  to  identify  the  variations  between  the  predictions  of  our  model  and  the  data  so  that  we  could  develop 
further  insights  into  the  processes  controlling  the  decomposition  of  2,4-DNI.  For  the  case  of  the  calculation  shown 
in  Fig.  6,  no  parameters  in  the  model  were  changed  from  the  model  calculation  used  for  the  experiment  shown  in 
Figure  5.  The  only  difference  in  this  model  calculation  was  that  the  starting  values  for  polylsf,  nuclei,  Poly  As  and 
PolyBs  were  set  to  their  final  values  from  the  calculation  for  the  previous  experiment. 

Comparison  of  the  results  of  the  calculation  with  the  data  show  many  consistencies  between  the  model  and  the 
data.  First,  the  rate  of  decomposition  of  2,4-DNI  is  correctly  predicted.  Note  that  the  length  of  time  for  ~  10  mg  of 
2,4-DNI  to  decompose  in  this  experiment  is  -10,000  seconds  compared  to  -  31,000  seconds  for  the  same  amount  of 
material  in  the  previous  experiment  with  no  added  residue.  Thus,  the  model  appears  to  be  a  good  representation  of 
the  autocatalytic  process.  Closer  examination  of  the  gas  evolution  rates  show  that  the  calculated  rates  for  H20, 
HCN,  NO  and  C02  compare  quite  closely  with  the  data.  However,  there  are  larger  discrepancies  between  the 
calculated  and  measured  gas  evolution  rates  for  CO  and  HNCO.  The  origin  of  these  differences  will  be  considered  in 
the  future  and  a  better  understanding  of  the  process  will  be  incorporated  into  the  next  generation  of  the  model. 

Gas-phase  decomposition.  To  assess  the  extent  of  decomposition  of  2,4-DNI  in  the  gas  phase,  an  experiment 
was  carried  out  in  a  reaction  cell  with  a  volume  seven  times  greater  than  used  in  the  standard  experiments.  This 
increases  the  fraction  of  the  sample  in  the  gas  phase  seven-fold.  Thus,  if  the  reaction  during  the  early  stages  of 
decomposition  occur  solely  in  the  gas  phase,  a  seven-fold  increase  in  the  rate  of  formation  of  the  decomposition 
products  would  be  expected.  As  the  results  show  in  Figure  7,  for  the  experiment  with  the  larger  volume  reaction 
cell,  this  is  not  the  case.  When  the  same  parameters  are  used  in  the  model  as  were  used  to  fit  the  basis  experiment, 
and  the  gas-phase  rate  constant  is  set  to  zero,  the  model  provides  a  good  fit  to  the  data  (the  short  dashed  line).  This 
indicates  that  decomposition  in  the  gas  phase  is  not  a  large  contributor  to  the  overall  reaction  process.  This  fact  led 
to  our  development  of  the  reactive  shell  process  as  one  of  the  primary  decomposition  pathways. 

To  evaluate  how  decomposition  in  the  gas  phase  may  contribute  to  the  overall  rates  of  evolution  of  the  various 
products,  the  rate  constant  for  the  gas-phase  reaction,  kg,  was  set  equal  to  the  rate  constant  for  reaction  in  the  shell, 
ks,  and  the  calculation  was  repeated.  The  results  of  the  calculation  are  represented  by  the  long  dashed  line,  in  Figure 
7.  A  slight  increase  in  the  rates  of  gas  formation  of  the  various  products  is  observed.  In  light  of  the  fact  that  we  are 
assuming  that  the  decomposition  of  2,4-DNI  in  the  reactive  shell  is  undergoing  a  unimolecular  decomposition  in 
the  model,  it  is  reasonable  to  assume  that  the  rate  constant  for  2,4-DNI  in  the  gas  phase  would  be  similar.  Given 
these  assumptions,  comparing  the  results  of  the  two  calculations  to  the  data,  and  realizing  that  the  relative 
contributions  of  decomposition  in  the  shell  and  decomposition  in  the  gas  phase  are  proportional  to  the  amount  of 
2,4-DNI  available  to  react  in  each  process,  it  appears  that  our  estimation  of  the  amount  of  material  available  for 
reaction  in  the  shell  is  approximately  correct.  For  example,  if  we  assumed  that  the  thickness  of  the  reactive  shell 
was  1  nm  instead  of  10  nm,  then  the  contribution  from  gas-phase  reactions  in  the  larger  cell  would  have  been  ten 
times  larger  and  running  the  experiment  in  the  larger  volume  reaction  cell  would  have  had  significantly  different 
results  from  our  basis  experiment.  On  the  other  hand,  if  we  assumed  the  thickness  of  the  reactive  shell  was  100  nm, 
then  the  contribution  of  gas-phase  reactions  would  be  even  less.  Given  the  differences  between  the  calculated  rates 
from  the  model  and  the  data,  when  the  gas-phase  rate  constant  is  set  to  zero,  it  is  difficult  to  determine  whether  the 
slightly  better  fits  to  several  of  the  gas  evolution  rates  when  the  gas-phase  rate  constant  is  set  equal  to  ks  is  actually 
due  to  the  gas  phase  contributions  or  some  other  aspect  of  the  decomposition  process.  Thus,  the  certainty  for  an 
estimated  value  of  the  maximum  thickness  of  the  reactive  shell  is  low. 
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Experimental  Parameters: 

Orifice  diameter  (pm):  25. 

Isothermal  temp  (C):  237.5 
Reaction  cell  volume  (cm3):  0.199 
Sample  weight  (mg):  10.32  +  1.7  residue 
Average  particle  dia  (pm):  ~10.  (est.) 


Time  (sec  x  104  ) 


Figure  6.  The  evolution  rates  of  gaseous  products,  resulting  from  the  decomposition  of  2,4-DNI  mixed  with  a 
residue  from  a  previous  experiment,  are  shown  along  with  the  results  from  a  model  of  the  decomposition  process. 
Plots  with  only  product  labels  show  the  measured  rate  of  gas  evolution  from  the  reaction  cell  (solid  line)  and  the 
resulting  fit  of  the  model  (dashed  line)  for  each  product.  Plots  of  the  product  channels  show  the  contribution  of  each 
channel  described  in  the  model  to  the  overall  evolution  of  each  decomposition  product.  The  legend  for  each  type  of 
plot  is  shown  in  the  first  plot  in  each  row. 
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Experimental  Parameters: 

Orifice  diameter  (pm):  25. 

Isothermal  temp  (C):  235.4 

Reaction  cell  volume  (cm3):  1 .46 
Sample  weight  (mg):  9.55 
Average  particle  dia  (pm):  -10.  (est.) 


NO  Channels  HNCO  Channels 
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Figure  7.  The  evolution  rates  of  gaseous  products  from  the  decomposition  of  2,4-DNI  in  a  larger  volume  reaction 
cell  (1.46  cm3)  is  shown  along  with  the  results  from  a  model  of  the  decomposition  process.  Plots  with  only  product 
labels  show  the  measured  rate  of  gas  evolution  from  the  reaction  cell  (solid  line)  and  the  results  of  two  different 
calculations  with  the  model.  One  calculation  with  the  model  includes  no  contributions  from  gas-phase  reactions 
(short  dashes)  while  the  other  calculation  does  include  gas-phase  contributions  (long  dash).  Plots  of  the  product 
channels  show  the  contribution  of  each  channel  described  in  the  model  to  the  overall  evolution  of  each 
decomposition  product.  The  legend  for  each  type  of  plot  is  shown  on  the  first  plot  in  each  row. 
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Temperature  dependence.  The  temperature  dependence  of  the  processes  is  incorporated  into  the  model  by 
optimizing  the  rate  constants  to  fit  the  data  collected  in  experiments  at  several  different  isothermal  temperatures.  An 
example  of  a  fit  to  one  set  of  data  collected  in  an  experiment  at  244.3°C  is  shown  in  Figure  8.  The  four  rate 
constants,  ks,  knuc,  kr  and  kpd,  were  the  only  parameters  adjusted  to  fit  the  data.  The  stoichiometric  coefficients  and 
all  other  parameters  are  the  same  as  those  used  in  fitting  the  basis  experiment.  The  procedure  for  optimizing  the 
coefficients  by  comparison  to  the  data  is  the  same  method  used  for  the  basis  experiment. 

The  results  of  the  optimization  procedure  show  the  rate  constants  have  been  optimized  to  correctly  predict  the 
depletion  time  of  the  sample,  and  thus,  the  correct  amount  of  2,4-DNI  decomposed.  A  comparison  of  the  measured 
gas  evolution  rates  with  corresponding  calculated  rates  from  the  model  are  for  the  most  part  in  good  agreement. 
However,  close  inspection  shows  that  there  are  several  differences.  For  example  the  model  predicts  higher  gas 
evolution  rates  for  NO  and  H20,  in  the  final  stages  of  the  decomposition,  than  actually  measured.  The  model  also 
predicts  a  lower  rate  of  C02  evolution  than  measured.  We  suspect  these  deviations  arise  from  our  oversimplification 
of  the  global  reaction  chemistry  used  for  each  process.  These  deviations  will  be  used  to  create  a  more  accurate 
representation  of  the  reaction  chemistry  in  the  next  generation  of  the  model. 

Comparison  of  the  relative  contributions  to  the  gas  evolution  rates  of  the  individual  species  from  each 
decomposition  process  shows  that  in  the  higher  temperature  experiment  more  of  the  products  are  formed  from 
reaction  between  the  2,4-DNI  and  the  polymer  than  from  decomposition  in  the  reactive  shell. 

Extent  of  decomposition.  For  the  experiments  discussed  to  this  point,  the  ratio  of  the  undecomposed  2,4-DNI 
to  the  decomposed  2,4-DNI  has  ranged  from  0.45  for  reaction  with  residue  from  a  previous  experiment,  to  0.8  for 
decomposition  at  244°C  ,  up  to  1.8  to  2.0  for  experiments  at  235°C  in  the  standard  and  large  volume  reaction  cells. 
In  the  results  from  the  experiment  presented  in  Figure  9,  the  orifice  diameter  used  in  the  reaction  cell  for  the 
experiment  was  increased  from  25pm  to  50  pm.  The  ratio  of  undecomposed  to  decomposed  2,4-DNI  in  this 
experiment  was  12.5.  Thus,  only  one  out  of  twelve  2,4-DNI  molecules  underwent  decomposition. 

The  results  differ  quite  dramatically  from  the  previous  experiments,  in  which  a  larger  fraction  of  the  sample 
decomposed.  The  two  most  notable  differences  are  the  lack  of  a  significant  contribution  from  reaction  between  the 
2,4-DNI  and  the  polymer,  and  the  larger  increase  in  the  rates  of  gas  evolution  due  to  the  exogenous  water  absorbed  in 
the  sample.  The  larger  rates  of  gas  evolution  due  to  exogenous  water  are  most  likely  due  to  slightly  different 
conditions  used  for  this  experiment.  In  this  experiment  the  2,4-DNI  was  held  at  ~121°C  for  10,000  seconds  whereas 
in  the  previous  experiments  it  was  held  at  200°C  for  15,000  seconds.  This  suggests  that  this  experiment  contained 
more  exogenous  water  when  it  reached  235°C,  increasing  the  reaction  rates  to  higher  levels  during  the  early  stages  of 
the  reaction  compared  to  the  basis  experiment. 

The  more  interesting  difference  is  in  the  limited  extent  of  contribution  of  the  autocatalytic  process  between  2,4- 
DNI  and  the  polymer.  This  is  consistent  with  the  model  for  two  reasons.  First,  the  rate  of  formation  of  the  critical 
size  nuclei  are  dependent  on  the  concentration  of  2,4-DNI  in  the  volume  of  the  reactive  shell.  The  lower 
concentration  leads  to  a  lower  rate  of  formation  of  critical  size  nuclei.  Second,  since  the  exhaust  rate  of  2,4-DNI 
from  the  reaction  cell  is  greater,  the  sample  is  depleted  in  a  shorter  period  of  time  and  the  process  involving  the 
growth  of  the  polymer  is  shortened. 

The  most  significant  difference  between  the  measured  data  and  the  calculated  rates  is  in  the  values  for  the  NO 
gas  evolution  rate.  The  measured  rate  of  NO  evolution  is  3  times  greater  than  the  rate  predicted  by  the  model.  This 
discrepancy  suggests  that  either  the  decomposition  mechanism  of  2,4-DNI  is  significantly  different  at  lower  extents 
of  decomposition  or  that  there  is  a  possible  error  in  the  experiment.  These  issues  are  being  considered  in  the  next 
generation  of  the  model. 
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Experimental  Parameters: 

Orifice  diameter  (pm):  25. 

Isothermal  temp  (C):  244.3 
Reaction  cell  volume  (cm3):  0.199 
Sample  weight  (mg):  10.32 
Average  particle  dia  (pm):  ~10.  (est.) 
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Figure  8.  The  evolution  rates  of  gaseous  products  from  the  decomposition  of  2,4-DNI  at  a  higher  temperature 
(244°C)  are  shown  along  with  the  results  from  a  model  of  the  decomposition  process.  Plots  with  only  product 
labels  show  the  measured  rate  of  gas  evolution  from  the  reaction  cell  (solid  line)  and  the  resulting  fit  of  the  model 
(dashed  line)  for  each  product.  Plots  of  the  product  channels  show  the  contribution  of  each  channel  described  in  the 
model  to  the  overall  evolution  of  each  decomposition  product.  The  legend  for  each  type  of  plot  is  shown  on  the  first 
plot  in  each  row. 
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Experimental  Parameters: 

Orifice  diameter  (pm):  50. 

Isothermal  temp  (C):  236. 

Reaction  cell  volume  (cm^):  0.199 
Sample  weight  (mg):  10.4 
Average  particle  dia  (pm):  ~10.  (est.) 
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Figure  9.  The  evolution  rates  of  gaseous  products  from  the  decomposition  of  2,4-DNI  using  a  larger  diameter  orifice 
(50|im)  are  shown  along  with  the  results  from  a  model  of  the  decomposition  process.  Plots  with  only  product  labels 
show  the  measured  rate  of  gas  evolution  from  the  reaction  cell  (solid  line)  and  the  resulting  fit  of  the  model  (dashed 
line)  for  each  product.  Plots  of  the  product  channels  show  the  contribution  of  each  channel  described  in  the  model  to 
the  overall  evolution  of  each  decomposition  product.  The  legend  for  each  type  of  plot  is  shown  on  the  first  plot  in 
each  row. 
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Outstanding  issues.  The  following  outstanding  issues  are  being  addressed  in  the  next  generation  of  the  reaction 
model: 

1 .  The  details  of  the  reaction  chemistry  will  be  developed.  New  reactions  will  be  formulated  from  differences 
between  the  gas  evolution  rates  for  the  various  products  predicted  by  the  model,  and  the  measured  data 
collected  in  experiments  spanning  the  temperature  range  of  the  process  (200°C  to  255°C). 

2.  Information  derived  from  results  of  infrared,  microscopic,  and  mass  spectrometric  analysis  of  the  residue 
will  be  incorporated  into  the  model. 

3.  Better  characterization  of  the  sample  morphology  will  be  made. 

4.  The  effects  of  containment  of  gaseous  products  and  the  extent  of  reaction  will  be  evaluated  using  results 
from  experiments  conducted  using  smaller  diameter  reaction  cell  orifices. 

5.  The  effects  of  sample  size  will  be  evaluated. 


SUMMARY 

Our  study  of  the  solid-phase  thermal  decomposition  behavior  of  2,4-DNI  has  shown  that  the  decomposition 
behavior  is  complex,  and  not  defined  by  a  single  dominant  process  that  can  be  accurately  represented  with  a  simple 
analysis  of  the  quantified  results.  The  decomposition  products  consist  of  several  different  gases  and  a  polymeric 
residue  that  accounts  for  ~40%  of  the  total  decomposition  product  weight.  A  first-generation  model  has  been 
developed  to  describe  the  solid-phase  pyrolysis  of  2,4-DNI,  that  is  based  on  the  temporal  behaviors  of  the  gas- 
evolution  rates  of  the  gaseous  products  of  decomposing  2,4-DNI  under  various  conditions.  The  results  of  the  model 
show  that  the  decomposition  of  2,4-DNI  and  evolution  of  gaseous  products  is  controlled  by  at  least  six  basic 
processes.  These  processes  include:  1)  sublimation  and  decomposition  in  the  gas  phase  (small  contribution),  2) 
decomposition  in  a  reactive  shell  on  the  surface  of  the  particles,  3)  enhancement  of  the  reaction  rates  and  reduction 
of  the  2,4-DNI  sticking  coefficient  due  to  absorbed  exogenous  water  and  impurities  in  the  2,4-DNI  sample,  4)  the 
growth  of  polymeric  reactive  nuclei  in  the  reactive  shell,  5)  adsorption  of  2,4-DNI  on  the  surface  of  the  reactive 
nuclei,  followed  by  reaction  of  the  2,4-DNI  on  the  surface  to  release  gaseous  products  and  add  to  the  polymer,  and  6) 
transformation  of  the  polymer  formed  by  the  initial  reaction  with  2,4-DNI  to  a  more  thermally  stable  polymer, 
releasing  gas  in  the  process.  The  combination  of  processes  four  through  six  characterize  the  autocatalytic  nature  of 
the  2,4-DNI  decomposition.  .  Global  reaction  chemistry  has  been  used  to  characterize  each  of  the  basic 
decomposition  processes  in  the  first  generation  of  the  model.  At  the  model’s  present  state  of  development,  global 
chemistry  is  used  to  represent  the  various  chemical  reactions  that  occur  during  each  of  the  processes  just  described. 
Differences  between  the  rates  of  gas  formation  predicted  by  the  model  and  the  measured  data  will  be  used  to  generate  a 
second-generation  model  of  the  2,4-DNI  decomposition  processes  that  include  more  details  on  the  individual  chemical 
reactions  involved  in  each  process. 
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Abstract 

A  summary  of  the  thermal  decomposition  behaviors  of  HMX,  RDX  and  l-nitroso-3,5- 
dinitro-s-triazine  (ONDNTA)  as  determined  from  simultaneous  thermogravimetric 
modulated  beam  mass  spectrometry  (STMBMS)  measurements  is  presented.  A  qualitative 
model  of  the  physical  and  chemical  processes  that  control  decomposition  of  HMX  in  the 
solid  phase,  based  on  results  from  all  three  compounds,  is  described.  Its  implications  for 
the  response  of  systems  containing  these  materials  to  abnormal  thermal  environments,  such 
as  fire,  is  discussed. 

Introduction 

Cyclic  nitramines,  such  as  RDX  (I)  and  HMX  (II),  are  high  energy  containing  compounds 
that  are  used  extensively  in  both  propellant  and  explosive  formulations.  These 
formulations  are  found  in  devices  ranging  from  rocket  motors  to  explosives.  Typically, 
these  devices  are  not  used  for  long  periods  of  time  after  they  are  initially  manufactured  and 
in  many  cases  they  are  destroyed  or  recycled  before  ever  being  used.  During  the  life  of 
these  devices,  they  are  transported  and  stored  in  different  environments.  It  is  important  that 
these  devices  remain  safe  throughout  this  life  cycle.  To  assess  the  safety  of  these  devices 
during  the  life  cycle,  it  is  necessary  to  understand  how  they  will  respond  to  their 
environment.  In  this  regard,  two  main  areas  are  of  interest.  First,  how  will  the  device 
respond  in  an  abnormal  environment,  such  as  a  fire?  Second,  what  effect  does  aging  in  the 
various  environments  have  on  the  properties  and  behavior  of  the  device?  For  example, 
does  the  thermal,  impact,  or  shock  sensitivity  increase  with  age?  To  address  these  issues 
from  a  scientific  point  of  view  requires  an  increased  understanding  of  the  chemical  and 
physical  processes  that  occur  in  the  energetic  materials  found  in  these  devices. 
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Recent  efforts  to  develop  models,  that  will  describe  the  response  of  a  munition  in  a  "slow- 
cookoff '  situation,  associated  with  a  fire,  strive  to  use  a  fundamental  understanding  of  the 
chemical  and  physical  processes  that  occur  in  energetic  materials  to  predict  the  time  to 
ignition  of  the  event  and  the  degree  of  violence  after  ignition.(HOBBs,  BAER***) 
Significant  success  has  been  obtained  in  predicting  the  time  to  ignition  but  less  success  has 
been  achieved  in  predicting  the  degree  of  violence.  The  degree  of  violence  may  be 
characterized  by  relatively  benign  event,  such  as  a  deflagration,  or  a  more  serious  event, 
characterized  by  an  explosion  or  detonation.  The  success  achieved  in  modeling  the  time  to 
ignition  arises,  in  part,  from  the  empirical  characterization  of  one-dimensional  time-to- 
explosion  data  collected  on  various  energetic  materials.1  However,  predicting  the  degree  of 
violence  of  the  event  requires  a  more  in  depth  understanding  of  the  processes  that  control 
the  reaction  of  the  material  after  ignition.  The  degree  of  violence  of  this  event  will  be 
controlled  by  the  combustion  process  and  the  interaction  of  the  combustion  process  with 
the  extent  of  confinement  of  the  reacting  material.  For  example,  with  higher  degrees  of 
confinement  the  pressure  at  which  the  combustion  occurs  will  be  higher,  and  thus,  the  bum 
rates  should  be  higher. 

Measurement  of  the  pressure  dependence  of  bum  rates  of  energetic  materials  associated 
with  propellants  has  been  done  extensively  in  pressure  ranges  associated  with  both  rocket 
motors  and  guns.  Modeling  these  processes  in  an  empirical  fashion  has  been  quite 
successful2  and  more  recent  modeling  on  a  molecular  level  in  the  gas  phase  and  to  a  lesser 
extent  in  the  condensed  phase  have  had  good  success.  However,  little  work  has  been  done 
on  bum  rates  under  highly  confined  conditions,  although  several  recent  measurements  have 
been  made  on  bum  rates  of  energetic  materials  between  200  and  400  MPa.3(Maienschein) 


Characterizing  the  response  of  a  munition  in  a  'slow-cookoff"  situation  poses  a  more 
difficult  problem  than  that  associated  with  the  confined  combustion  problem.  This 
increased  difficulty  is  due  to  the  degradation  of  the  material  prior  to  ignition.  This 
degradation  process  can  lead  to  the  formation  of  both  gaseous  and  condensed  phase 
products  that  are  not  present  under  normal  conditions.  As  these  products  are  produced  in 
the  decomposition  process,  they  may  lead  to  the  formation  of  bubbles  and  pores  within  the 
energetic  material  or  possibly  form  solutions  between  the  normal  material  and  it 
decomposition  products.  Basically  this  changes  the  physical  and  chemical  characteristics  of 
the  bed  of  energetic  material.  The  extent  of  change  of  the  chemical  and  physical  properties 
is  dependent  on  both  time  and  temperature  field  within  the  material  prior  to  ignition. 
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Therefore,  developing  models  for  predicting  the  response  of  a  munition  in  a  "slow- 
cookoff '  situation,  or  even  developing  experiments  to  characterize  the  combustion  process 
requires  a  good  understanding  of  the  decomposition  process.  Ultimately,  one  should 
understand  both  the  chemical  and  physical  changes  that  occur  in  the  materials,  where  they 
occur  within  the  materials  and  how  fast  they  occur.  In  this  paper  we  address  the 
decomposition  chemistry  associated  with  two  materials  used  extensively  in  propellants  and 
explosives,  RDX  and  HMX. 

Over  the  past  ten  years  we  have  conducted  extensive  thermal  decomposition  studies  on 
HMX4*5  and  RDX6*7  and  several  less  extensive  studies  on  other  cyclic  nitramines  having 
five-,  six-  and  seven-member  rings.  In  all  of  these  studies  we  have  found  that  the 
mononitroso  analogue  of  the  parent  compound  is  formed  in  the  decomposition  process. 
The  identity  and  relative  amounts  of  the  gaseous  decomposition  products  (i.e.,  NO2,  HCN, 
N2O,  CH2O,  NO,  H2O,  CO)  depends  on  whether  these  products  are  formed  directly  from 
the  cyclic  nitramine  or  through  the  mononitroso  intermediate.  We  have  also  found  that  the 
mononitroso  intermediate  plays  a  significant  role  in  the  decomposition  of  HMX  and  RDX 
in  the  solid  phase.  As  a  consequence  of  our  findings  on  the  decomposition  of  HMX  and 
RDX,  we  have  undertaken  a  study  of  the  decomposition  of  the  independently  synthesized 
mononitroso  analogue  of  RDX,  l-nitroso-3,5-dinitro-s-triazine  (ONDNTA).8 

From  our  STMBMS  measurements  on  ONDNTA,  we  have  found  that  its  decomposition  is 
quite  complex.  It  decomposes  in  two  different  temperature  regimes  and  its  decomposition 
rate  and  mechanism  are  very  sensitive  to  the  extent  of  interaction  between  ONDNTA  and  its 
decomposition  products.  The  higher  temperature  decomposition  regime  commences  at 
approximately  170  C,  the  melting  point  of  ONDNTA  and  is  autocatalytic  in  nature.  The 
lower  temperature  regime  occurs  up  to  ~  140  C  and  the  extent  of  decomposition  in  this 
regime  is  very  sensitive  to  interaction  with  product  gases. 

The  highlights  of  our  experiments  that  led  to  our  current  understanding  of  the 
decomposition  mechanisms  of  RDX  and  HMX  along  with  implications  for  possible 
changes  in  the  sensitivity  of  RDX  and  HMX  will  be  discussed  in  this  paper. 


Experimental 

Instrument  Description.  Thermal  decomposition  measurements  of  energetic  materials  are 
carried  out  on  2  to  10  mg  samples  using  the  STMBMS  apparatus,  which  has  been 
described  in  detail,  previously.9  This  instrument  allows  the  gas  phase  species  to  be 
identified  and  their  rates  of  formation  to  be  measured  as  a  function  of  time.  The 
decomposition  is  carried  out  in  a  specially  designed  alumina  reaction  cell  in  which  the 
gaseous  decomposition  products  may  exit  only  through  an  orifice  whose  size  ranges  from 
2.5  |im  to  1000  |i.m  depending  on  the  degree  of  confinement  of  the  decomposition  products 

desired.  The  molecules  exit  the  cell  into  a  high  vacuum  environment  (~  10~6  torr),  are 
formed  into  a  modulated  molecular  beam,  and  pass  directly  through  the  electron- 
bombardment  ionizer  of  a  quadrupole  mass  spectrometer  without  undergoing  any  further 
collisions  with  background  molecules  or  walls  of  the  vacuum  chamber.  The  force  due  to 
the  gas  within  and  exiting  the  reaction  cell  (thrust  and  mass  loss)  is  measured 
simultaneously  with  the  mass  spectra  of  the  evolving  gases.  The  gases  are  identified  from 
the  m/z  values  of  temporally  correlated  groups  of  ion  signals,  from  the  molecular  weight  of 
the  neutral  molecules  evolving  from  the  cell  as  determined  from  time-of-flight  velocity 
spectra,  and  by  use  of  isotopically  tagged  analogues  of  the  molecules  being  studied.  The 
rates  of  gas  formation  are  determined  in  an  analysis  procedure  that  utilizes  the  ion  signals 
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measured  with  the  mass  spectrometer,  the  force  measured  by  the  microbalance  and  the  flow 
characteristics  of  the  reaction  cell  orifice.  The  end  result  of  the  experiments  and  the  data 
analysis  procedure  is  the  rate  of  gas  formation  of  each  species  formed  during  the  thermal 
decomposition  as  a  function  of  time  and  of  pressure  of  the  contained  gases.  From  this 
information,  insight  into  the  reaction  mechanisms  that  control  the  decomposition  process 
and  the  kinetic  rate  parameters  associated  with  the  rate  controlling  reaction  mechanisms  is 
obtained. 

Sample  Preparation.  The  syntheses  of  RDX(I),  HMX(II)  and  their  isotopic  analogues 
were  described  in  previous  papers4'7.  ONDNTA  (III)  and  deuterium  labeled,  ONDNTA- 
d6,  which  are  intermediates  in  the  decomposition  of  RDX  and  RDX-d6  respectively,  were 
prepared  according  to  previously  known  methods10  starting  with  the  corresponding 
hexahydro- 1 ,3,5-s-triazine  analogue.  The  deuterated  version  of  the  hexahydro- 1, 3, 5-s- 
triazine  was  prepared  by  the  base  catalyzed  deuterium  exchange  method  described  in  an 
earlier  paper7.  The  ONDNTA  samples  were  characterized  by  NMR  and  IR  measurements 
that  their  mass  spectra  indicated  a  purity  greater  than  99%  with  -0.25%  RDX 
contamination.  The  samples  melt  between  165  and  170°C. 


RDX  and  HMX  decomposition. 

The  decomposition  of  both  RDX  and  HMX  is  by  a  complex  process  that  is  controlled  by 
multiple  reaction  pathways  whose  behavior  depends  on  both  the  individual  properties  of  the 
molecules  themselves,  as  well  as  the  physical  state  of  the  sample.-  The  global  chemical 
reaction  pathways  that  control  the  decomposition  process  in  the  liquid  phase  are  shown  in 
Figure  1  for  the  case  of  RDX.  Important  physical  processes  in  the  decomposition  of 
material  in  the  solid  phase  are  illustrated  in  Figure  2  for  the  case  of  HMX. 

Four  primary  reaction  pathways  control  the  decomposition  of  RDX  in  the  liquid  phase 
between  200  and  215°C  (Fig.  1).  Two  pathways  are  first  order  reactions  solely  in  RDX. 
One  of  these  produces  predominantly  OST,  NO,  and  H2O  and  accounts  for  approximately 
30%  of  the  decomposed  RDX  and  the  other  produces  predominantly  N2O  and  CH2O  with 
smaller  amounts  of  N02,  CO,  and  NH2CHO  and  accounts  for  10%  of  the  decomposed 
RDX.  The  third  pathway  consists  of  formation  of  ONDNTA  by  reaction  between  NO  and 
RDX,  followed  by  the  decomposition  of  ONDNTA  to  predominantly  CH2O  and  N2O.  The 
nature  of  the  fourth  reaction  pathway  is  less  certain.  From  our  original  experiments  on 
RDX,  we  proposed  that  in  the  fourth  pathway  RDX  decomposes  through  reaction  with  a 
catalyst  that  is  formed  from  the  decomposition  products  of  previously  decomposed  RDX. 
This  was  based  on  the  temporal  behaviors  of  the  gas  formation  rates  of  the  decomposition 
products.  However,  from  more  recent  experiments  with  the  independently  synthesized 
mononitroso  analogue  of  RDX,  ONDNTA,  it  appears  that  this  fourth  channel  may  also 
involve  the  ONDNTA  intermediate.  The  third  and  fourth  reaction  channels  each  account 
for  approximately  30%  of  the  decomposed  RDX. 

Experiments  with  solid-phase  RDX  have  shown  that  its  decomposition  rate  is  very  much 
slower  than  that  of  liquid  phase  RDX.  ONDNTA  is  the  only  product  that  appears  to  be 
formed  during  the  early  stages  of  the  decomposition  of  RDX  in  the  solid  phase.  As  the 
solid-phase  decomposition  progresses,  N2O  and  lesser  amounts  of  CH2O  start  to  evolve 
and  their  rates  of  evolution  increase  until  products  associated  with  the  liquid-phase  RDX 
decomposition  appear  and  the  rates  of  gas  formation  of  all  products  rapidly  increase.  This 
behavior  strongly  suggests  that  the  decomposition  of  solid  RDX  occurs  through  formation 
of  ONDNTA  within  the  lattice.  Its  subsequent  decomposition  within  the  lattice  to  N2O  and 
CH2O,  followed  by  the  dispersion  of  CH2O  in  the  RDX,  leads  to  the  eventual  liquefaction 
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of  the  remaining  RDX  and  the  onset  of  the  associated  liquid-phase  decomposition 
reactions. 


30  % 
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Figure  2.  Decomposition  pathways  for  RDX  in  the  liquid  phase.  (Data  from  Ref.  6) 

Physical  processes  also  play  a  role  in  controlling  the  rates  of  thermal  decomposition  for 
HMX  and  RDX.  A  model  of  these  physical  processes,  based  on  the  identities  of  the 
decomposition  products  and  the  temporal  behaviors  of  their  gas  formation  rates  as 
determined  from  our  experiments  with  HMX  and  RDX,  is  illustrated  in  Fig.  2.  An 
illustration  of  the  typical  observed  data  from  the  decomposition  of  HMX  below  it  melting 
point  is  shown  in  Figure  3. 

The  first  step  in  the  decomposition  of  HMX  in  the  solid  phase  is  illustrated  in  Figure  2.  As 
the  solid  HMX  is  heated,  a  quasi-equilibrium  is  established  between  the  gas  and  solid  ^ 
phase  HMX.  During  the  initial  period,  decomposition  of  HMX  in  the  gas  phase  occurs  and' 
the  decomposition  products  are  observed  directly  as  the  gas  exits  die  reaction  cell. 
Concurrently,  decomposition  of  HMX  occurs  in  the  solid  phase,  first  forming  the 
mononitroso  analogue  of  HMX,  ONTNTA  (IV),  which  then  decomposes  to  lower 
molecular  weight  decomposition  products.  Both  the  ONTNTA  and  its  decomposition 
products  remain  trapped  within  the  HMX  particles  during  the  initial  stages  of  the 
decomposition.  These  processes  are  illustrated  in  the  first  two  diagrams  in  Fig.  2.  These 
aspects  of  the  model  are  based  on  the  following  results: 

1)  Gas-phase  decomposition  contributes  to  the  decomposition  products  as  can  be  seen 
from  the  gas  formation  rates  of  CD2O  and  N2O,  shown  in  Fig.  3b,  which  are 
constant  and  proportional  to  the  vapor  pressure  of  HMX.  The  duration  of  the 
constant  gas  formation  rate  of  N2O  is  referred  to  as  the  induction  period. 

2)  During  the  decomposition  of  RDX  in  the  solid  phase  only  ONDNTA  and  its 
decomposition  products  are  observed. 

HMX  continues  to  decompose  in  the  solid  phase  through  the  mononitroso  intermediate. 
Decomposition  of  the  mononitroso  intermediate  produces  low  molecular  weight  products, 
such  as  N2O  and  CH2O,  and  a  polymeric  product.  The  low  molecular  weight  products 
move  within  and  interact  with  the  surrounding  HMX  lattice,  to  form  bubbles,  containing 
primarily  N2O,  and  solutions  between  the  HMX  and  CH2O,  which  may  be  localized  in  the 
volumes  surrounding  the  bubbles.  A  polymeric  product  is  also  formed  in  the  region  of  the 
bubbles  and  itself  undergoes  a  thermal  decomposition  process  yielding  both  lower 
molecular  weight  decomposition  products  and  other  polymeric  products.  Eventually,  the 
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size  and  pressure  within  the  bubbles  grows,  leading  to  cracking  of  the  HMX  particles  and 
release  of  the  trapped  products.  These  aspects  of  the  model  are  based  on  the  following 
results: 

1)  At  the  end  of  the  induction  period  there  is  a  rapid  rise  in  the  rate  of  release  from  the 
solid  of  N2O  followed  some  time  later  by  a  rise  in  the  rate  of  release  of  formaldehyde 
(CD2O  in  Fig.  3).  This  along  with  similar  results  for  decomposition  of  RDX  in  the 
solid  phase  and  the  fact  that  the  mononitroso  analogue  of  RDX  forms  mostly  N2O 
and  CH2O  when  decomposed  under  high  confinement  (see  ONDNTA  results  below) 
strongly  supports  this  mechanism. 

2)  At  the  completion  of  a  decomposition  experiment,  at  isothermal  temperatures  below 
the  melting  point  of  HMX,  an  orange-brown  residue  remains  that  retains  the  same 
shape  as  the  original  HMX  particles  and  upon  examination  with  transmission  electron 
microscopy  was  found  to  be  composed  of  broken  spherical  shaped  shells  ranging  in 
size  from  ~  0.1  pm  to  ~5  pm.  This  residue  is  a  form  of  polyamide  that  decomposes 
to  formamide,  N-methylformamide,  and  N,N-dimethylformamide,  as  well  as  several 
other  lower  molecular  upon  further  heating.  This  supports  the  idea  of  bubble 
formation  as  well  as  polymerization  in  the  decomposition  process. 

3)  The  fact  that  only  25%  of  the  ONTNTA  formed  in  the  decomposition  of  HMX  in  the 
solid  phase  undergoes  scrambling  of  the  N-NO  bond  (Ref.  5)  compared  to  100  %  of 
the  ONDNTA  in  the  decomposition  of  RDX  in  the  liquid  phase  (Ref.  7)  suggests  that 
decomposition  of  ONTNTA  in  the  solid  phase  occurs  at  individual  sites  in  the  lattice. 
After  the  ONTNTA  decomposes  at  the  lattice  site,  the  lower  molecular  weight 
products  disperse  in  the  lattice  to  expand  existing  bubble  sites  or  create  new 
nucleation  centers . 

4)  The  observation  of  the  formation  of  dimethylnitrosamine,  (CH3)2NNO,  from  the 
decomposition  of  HMX  in  the  solid  phase  as  well  as  from  the  unusual  decomposition 
process  of  ONDNTA  under  high  confinement  (see  below)  suggests  that  the 
mononitroso  analogue  of  HMX  plays  a  very  important  role  in  its  decomposition  in  the 
solid  phase. 

The  rise  in  the  rate  of  decomposition  after  the  induction  period  suggests  an  autocatalytic 
process,  as  can  be  seen  from  Fig.  3.  The  processes  that  occur  in  the  early  stages  of 
decomposition  continue  but  now  the  decomposition  process  is  affected  by  the  reaction  of 
gaseous  decomposition  products  with  the  remaining  HMX.  This  effect  can  be  seen  from  a 
comparison  of  the  rate  of  decomposition,  as  characterized  by  the  rate  of  formation  of  N2O, 
from  experiments  in  which  the  pressure  of  the  decomposition  products  was  varied  by  using 
reaction  cell  orifices  with  diameters  of  5  and  100  pm  as  can  be  seen  from  the  results  in 
Figure  4.  The  higher  pressure  of  contained  gaseous  products  in  the  experiment  with  the  5 
pm  diameter  orifice  increases  the  rate  of  decomposition  of  the  HMX  sample. 
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Figure  2.  Schematic  representation  of  the  processes  involved  in  the  decomposition  of  a 
particle  of  HMX.  The  particle  is  in  a  container  that  is  representative  of  the  reaction  cell 
used  in  the  STMBMS  thermal  decomposition  experiments. 
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Figure  3.  a)  Gas  formation  rates  of  the  products  from  the  thermal  decomposition  of  HMX 
at  210°C.  The  duration  of  the  decomposition  process  is  about  37000  seconds,  b)  Gas 
formation  rates  of  thermal  decomposition  products  from  HMX-d8  during  the  induction 
period  and  first  stage  of  the  acceleratory  period. 


7 


Behrens  and  Bulusu 


0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4 

TIME  (sec)  (xlO  4) 


Figure  4.  The  effect  of  containment  of  gaseous  decomposition  products  on  the 
decomposition  of  HMX  in  the  solid  phase  is  illustrated  with  the  ion  signals  associated  with 
the  rate  of  formation  of  N2O  formed  during  the  decomposition  in  two  different  experiments 
with  HMX  at  235  C  and  using  orifice  diameters  of  100  [im  and  5  (im. 

ONDNTA  decomposition 

In  the  case  of  the  intermediate  in  RDX  decomposition  ,  ONDNTA,  we  have  been  able  to 

independently  synthesize  it  and  study  its  decomposition  mechanisms  separately. 8  Analysis 
of  the  details  of  its  decomposition  behavior  are  currently  underway  and  only  a  brief 
summary  of  the  results  are  presented  here.  This  nitramine  decomposes  in  two  separate 
temperature  regions  sequentially,  one  between  95  and  145  °C  and  the  other  between  155 
and  210  °C.  An  illustration  of  this  behavior  is  shown  in  Figure  5  for  the  decomposition  of 
ONDNTA  in  a  reaction  cell  with  a  50  |im  diameter  orifice  and  held  at  two  different 
isothermal  temperatures.  The  major  decomposition  products  are  N2O,  CH2O,  CO/N2  arid 
NO2  and  the  minor  decomposition  products  include  several  formamides  and 
dimethylnitrosamine,  (CH3)2NNO.  The  products  obtained  from  both  regions  are  very 
similar  to  those  obtained  from  the  decomposition  of  HMX  and  RDX  in  the  solid  phase  with 
some  variation  between  the  two  channels  of  decomposition.  Careful  examination  of  the 
ONDNTA  sample  by  IR,  NMR  and  mass  spectrometry  show  no  evidence  of  any  major 
impurity  that  would  account  for  the  decomposition  products  observed  in  the  lower 
temperature  channel  of  the  decomposition.  Furthermore,  examination  of  samples  that  were 
held  at  temperatures  associated  with  the  lower  temperature  decomposition  region  stopped 
producing  decomposition  products  and  when  the  remaining  sample  was  evaporated  only 
the  reactant,  ONDNTA,  was  detected  with  the  STMBMS.  It  is  not  understood  why  the 
decomposition  stops  in  the  intermediate  temperature  region.  However,  it  is  surmised  that  in 
this  temperature  region  there  is  a  competition  between  two  competing  processes.  One  is  an 
autocatalytic  process  in  which  contained  gas-phase  decomposition  products  accelerate  the 
decomposition  process  and  the  second  is  some  undetectable  phase  trarisition  that  leads  to  a 
more  stable  phase  of  ONDNTA  that  is  not  susceptible  to  autocatalysis.  This  behavior  is 
illustrated  quite  dramatically  by  the  data  shown  in  Figure  6  for  the  decomposition  of 
ONDNTA  in  reaction  cells  with  two  different  orifice  diameters.  Decomposition  of 
ONDNTA  in  the  experiment  conducted  in  a  reaction  cell  with  a  5  (im  diameter  orifice 
occurs  much  more  rapidly  than  in  a  reaction  cell  with  a  50  fim  diameter  orifice.  With  the  5 
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(im  diameter  orifice  the  ONDNTA  decomposes  approximately  100  times  as  fast  and  the 
entire  sample  is  consumed  in  the  low  temperature  channel.  Details  of  this  unusual  behavior 
of  the  sample  and  the  kinetics  of  the  decomposition  will  be  the  subject  of  another  paper. 


Figure  5.  Gas  formation  rates  of  decomposition  products  from  the  thermal  decomposition 
of  ONDNTA  in  a  reaction  cell  with  a  50  Jim  orifice  at  isothermal  temperatures  of  1 15  C  and 
175  C. 


Figure  6.  Comparison  of  the  gas  formation  rates  and  partial  pressures  of  the 
decomposition  products  formed  during  the  thermal  decomposition  of  ONDNTA  in  reaction 
cells  with  orifice  diameters  of  50  pm  and  5  pm  at  isothermal  temperatures  of  115  C  and 
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175  C.  The  increased  containment  of  the  gaseous  decomposition  products  in  the 
experiment  with  the  5  Jim  diameter  orifice  leads  to  an  increase  in  the  gas  formation  rate  of 
approximately  100  compared  to  the  rates  with  the  50  |im  orifice. 

The  steps  in  the  decomposition  process  of  ONDNTA  under  high  confinement  are  apparent 
from  the  identities  of  thermal  decomposition  products  and  the  sequence  of  their  formation 
as  illustrated  by  the  data  in  Fig.  7.  The  temporal  behavior  of  the  rate  of  formation  of  the 
gaseous  thermal  decomposition  products  is  characterized  by  two  regions.  The  first  region 
starts  at  approximately  1 10  and  peaks  at  125  C.  The  second  region  starts  at  approximately 
140  and  peaks  at  145  C.  A  similar  temporal  behavior  is  observed  during  the  decomposition 
of  ONDNTA  at  isothermal  temperatures  in  the  110  to  150  C  range.  Thus,  it  appears  that 
the  observed  gaseous  thermal  decomposition  products  are  formed  in  a  series  of  steps  and  it 
is  not  necessary  to  increase  the  temperature  as  was  done  in  the  experiment  shown  in  Fig.  7. 
The  first  step  in  the  process  leads  to  the  release  of  CO/N2  and  NO2  as  can  be  seen  from 
these  signals  in  Fig.  7b.  These  two  signals  rise  and  fall  sharply.  The  N2O  and  CH2O 
signals  also  rise  sharply  but  decline  much  more  gradually  as  can  be  seen  from  Fig.  7a.  At 
140  C,  after  approximately  70  %  of  the  sample  has  decomposed,  there  is  a  rapid  rise  in  the 
rate  of  formation  of  a  new  set  of  decomposition  products  as  shown  in  Fig.  7c  and  7d. 
These  products  include  H2O,  N-methylformamide,  N,N-dimethylformamide  and 
dimethylnitrosamine.  After  the  sample  stops  losing  gaseous  products  between  5  and  10  % 
of  the  sample  remains  as  a  residue. 

These  results  indicate  that  as  ONDNTA  decomposes  it  releases  gaseous  products  and  also 
forms  a  nonvolatile  compound  (possibly  polymeric)  that  is  relatively  stable.  The  first  step 
in  the  process  may  be  scission  of  the  N-NO2  bond  as  evidenced  by  the  NO2  signal, 
followed  immediately  by  loss  of  CO/N2,  N2O  and  CH2O  as  indicated  by  the  simultaneous 
rapid  rise  in  these  signals.  Two  different  explanations  may  be  made  for  the  sharper 
decrease  in  the  CO/N2  and  NO2  signals  compared  to  the  N2O  and  CH2O  signals.  The  first 
explanation  is  that  the  ONDNTA  sample  is  rapidly  converted  to  a  nonvolatile  product  (the 
rate  of  conversion  is  characterized  by  the  NO2  or  CO/N2  signals)  that  then  undergoes  a 
slower  decomposition  to  form  N2O  and  CH2O.  The  second  possible  explanation  is  that  the 
nonvolatile  decomposition  product  interacts  with  the  remaining  ONDNTA,  thus  providing 
another  decomposition  pathway  that  leads  to  the  release  of  N2O  and  CH2O.  The  fact  that 
there  is  an  abrupt  appearance  of  a  new  set  of  decomposition  products  later  in  the  process 
suggests  that  the  first  explanation  may  be  more  likely.  This  is  based  on  the  fact  that  the 
abrupt  appearance  of  these  new  products  occurs  in  both  the  thermal  ramp  and  isothermal 
experiments.  It  suggests  that  the  nonvolatile  product  formed  in  the  initial  decomposition  of 
ONDNTA  itself  decomposes,  releasing  N2O  and  CH2O  until  it  reaches  a  point  at  which  the 
nonvolatile  product  becomes  sufficiently  unstable  that  it  starts  to  decompose  more  rapidly 
into  water,  dimethylnitrosamine  and  the  formamides.  This  process  is  quite  consistent  with 
the  observed  data.  A  discussion  of  details  of  this  process  will  be  presented  in  a  future 
paper. 
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Figure  7.  Ion  signals  formed  in  the  mass  spectrometer  from  thermal  decomposition 
products  from  ONDNTA  under  conditions  of  high  confinement.  The  heating  rate  is 
2°C/min. 

Implications  of  the  Results  from  HMX,  RDX  and  ONDNTA  on  the  HMX 
Decomposition  Process 

The  similarities  between  the  products  and  their  sequence  of  formation  in  the  thermal 
decomposition  of  ONDNTA  under  high  confinement  conditions  and  the  products  observed 
in  the  decomposition  of  HMX  in  the  solid  phase  are  quite  striking.  First,  the  major 
products  formed  in  the  decomposition  are  the  same,  namely  N2O,  CH2O  and  CO/N2. 
Second,  the  products  that  originate  from  the  decomposition  of  the  nonvolatile  product 
formed  in  the  decomposition  of  ONDNTA  are  the  same  as  those  observed  in  the 
decomposition  of  HMX  in  the  solid  phase  (H2O,  (CH3)2NNO,  CH3NHCHO,  and 
(CH3)2NCHO).  Third,  a  stable  residue  remains  after  the  decomposition  of  both  materials. 
One  notable  difference  between  the  decomposition  of  these  two  materials  is  the  observation 
of  NO2  during  the  decomposition  of  ONDNTA  and  the  absence  of  NO2  as  an  observed 
product  during  the  decomposition  of  HMX.  However,  since  HMX  decomposes  at  higher 
temperatures  and  the  process  occurs  within  the  HMX  particles  it  is  quite  likely  that  the  NO2 
reacts  within  the  HMX  particles  to  form  NO  and  thus  is  not  observed  in  our  experiments 
with  HMX.  One  other  difference  between  the  decomposition  of  ONDNTA  and  HMX  is 
the  presence  of  HCN  in  the  decomposition  of  HMX  and  its  absence  in  the  decomposition 
of  ONDNTA.  Although  HCN  is  not  one  of  the  more  abundant  products  observed  in  the 
solid  phase  decomposition  of  HMX,  its  presence  indicates  that  a  pathway  similar  to  the 
OST  pathway  observed  in  the  liquid  phase  decomposition  occurs  during  the  decomposition 
of  HMX,  but  with  only  a  minor  contribution.  This  behavior  is  also  supported  by  our 
previous  work  on  decomposition  of  HMX  in  the  liquid  phase"  in  which  OST  and  products 
similar  to  OST  that  upon  further  decomposition  would  form  HCN  were  observed. 

From  this  qualitative  description  of  the  decomposition  of  HMX,  RDX  and  ONDNTA,  the 
following  model  of  the  decomposition  of  HMX  in  the  solid  phase  can  be  constructed. 
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1)  HMX  decomposes  to  its  mononitroso  analogue  at  individual  lattice  sites  within  the 
particles. 

2)  The  mononitroso  analogue  decomposes  to  gaseous  products  (CO/N2,  N2O  and 

ch2o,...). 

3)  The  gaseous  products  move  within  and  interact  with  the  lattice.  Initially  the  CO/N2  and 
N2O  coalescing  to  form  bubbles  and  the  CH2O  dissolving  in  the  HMX  lattice. 

4)  Weakening  of  the  HMX  lattice  due  to  dissolved  CH2O  allows  dissociation  associated 
with  liquid-phase  decomposition  to  occur.  This  leads  to  the  formation  of  HCN  from  the 
ring  and  HONO  and  its  decomposition  products,  H2O,  NO  and  NO2. 

5)  Formation  of  the  HMX  mononitroso  analogue,  ONTNTA,  and  its  subsequent 
decomposition  continues.  The  ONTNTA  now  decomposes  to  CO/N2,  N2O  and  CH2O  and 
a  nonvolatile  product  that  may  be  polymeric.  This  nonvolatile  product  itself  undergoes 
decomposition  to  CH2O  and  N2O  and  eventually  becomes  unstable  and  decomposes  to 
formamides  and  dimethylnitrosamine.  This  nonvolatile  product  may  be  a  catalyst  for  the 
decomposition. 

6)  The  size  and  gas  pressure  within  the  bubbles  grow  eventually  leading  to  cracking  of  the 
HMX  particles  and  release  of  the  gaseous  products. 

7)  The  gaseous  products  interact  with  the  remaining  HMX  sample  to  accelerate  its 
decomposition.  The  reactions  responsible  for  this  aspect  of  the  process  have  not  yet  been 
determined. 

8)  Finally  the  HMX  is  depleted  and  a  residue  with  polyamide  characteristics  remains. 

This  model  summarizes  the  global  chemical  reaction  pathways  and  physical  processes  that 
we  believe  control  the  decomposition  of  HMX  in  the  solid  phase.  Clearly  more  work 
needs  to  be  done  to  probe  aspects  of  both  the  chemical  reaction  pathways,  such  as  catalysis 
by  gaseous  decomposition  products,  and  the  physical  processes,  such  as  bubble  growth 
and  gas  release  from  the  particles.  In  addition,  we  need  to  develop  models  to  accurately 
represent  these  processes  so  that  these  results  may  be  used  in  models  addressing  issues  of 
long-term  aging  and  response  of  these  materials  in  abnormal  environments  such  as  fires. 

Summary  and  implications  for  cookoff  response. 

Understanding  the  physical  and  chemical  changes  that  occur  prior  to  ignition  in  energetic 
materials  in  munitions  that  are  subjected  to  abnormal  thermal  environments  is  important  for 
developing  reliable  models  for  characterizing  the  violence  of  the  resulting  event.  Although 
HMX  and  RDX  are  usually  but  one  ingredient  in  a  propellant  or  explosive  formulation,  the 
results  of  our  work  on  these  materials  indicates  that  several  of  the  decomposition  processes 
occur  within  the  solid  particles  and  thus  should  not  be  significantly  influenced  by  other 
ingredients  in  the  formulation.  However,  other  aspects  of  the  results  suggest  that 
interactions  with  other  ingredients  may  be  important. 

The  important  aspects  of  the  decomposition  of  HMX  that  may  be  independent  of  other 
ingredients  involve  the  formation  and  decomposition  of  the  mononitroso  analogue  of 
HMX.  The  formation  of  ONTNTA  in  the  lattice  of  HMX  and  its  subsequent 
decomposition  to  gaseous  products  will  create  more  localized  defects  within  the  HMX 
particles,  thus  increasing  the  density  of  potential  "hot  spots"  and  possibly  increasing  the 
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shock  or  impact  sensitivity.  Further  degradation  of  HMX  within  the  particles  leads  to 
formation  of  bubbles  within  the  particles  and  eventual  fracture  of  the  particles,  creating 
smaller  particles  with  more  edges.  This  may  also  increase  the  impact  or  shock  sensitivity 
of  the  material.  As  the  decomposition  progresses  the  material  becomes  porous  as  the  HMX 
decomposes.  Its  pores  being  filled  by  its  thermal  decomposition  products  (i.e.,  N2O, 
CH2O,  etc.),  which  still  contain  a  large  fraction  of  the  energy  originally  stored  in  the 
HMX.  Ignition  of  the  material  in  this  porous  condition  may  lead  to  a  more  violent  event. 

The  important  aspects  of  the  decomposition  of  HMX  that  may  be  dependent  on  other 
ingredients  in  a  formulation  are  associated  with  the  influence  of  thermal  decomposition 
products  on  the  rate  of  decomposition  of  HMX  in  an  autocatalytic  manner.  This  interaction 
may  manifest  itself  by  either  an  increase  or  a  decrease  in  the  rate  of  decomposition  of  HMX 
depending  on  whether  the  other  ingredients  increase  or  decrease  the  amount  of  the  species 
responsible  for  autocatalysis.  Neither  the  identity  of  the  autocatalyst  nor  how  it  may 
interact  with  other  components  in  a  formulation  are  known  at  present. 

Future  work  in  this  area  involves  developing  models  to  represent  the  decomposition 
processes  outlined  in  this  paper  and  investigating  the  role  of  autocatalysis  by  the  gaseous 
decomposition  products. 
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ABSTRACT 

We  have  studied  the  mechanism  and  detailed  reaction  kinetics  of  the  thermal  decomposition  of  1,3,3- 
trinitroazetidine  (TNAZ),  and  separately,  its  key  decomposition  intermediate,  l-nitroso-3,3-dinitroazetidine 
(NDNAZ),  using  a  simultaneous  thermogravimetric  modulated  beam  mass  spectrometer  (STMBMS).  These 
decompositions  were  conducted  in  a  sealed  alumina  cell  with  a  2.5  \xm  orifice,  at  varying  temperatures  and  at  a  range 
of  isothermal  temperatures  (at  10°C  intervals  from  120-160°C  for  NDNAZ  and  160-210°C  for  TNAZ).  The  gaseous 
products  have  been  identified  and  their  rates  of  formation  have  been  measured  as  a  function  of  time,  temperature,  and 
pressure.  This  system  is  complex,  with  TNAZ  decomposing  by  four  separate  routes,  one  of  which  leads  to 
NDNAZ,  which  itself  decomposes  by  at  least  two  distinct  routes. 


INTRODUCTION 


The  new  energetic  material  TNAZ  (1,3,3-trinitroazetidine),1  alone  and  as  a  eutectic  with  the  closely  related 
NDNAZ  (l-nitroso-3,3-dinitroazetidine),  has  been  under  serious  consideration  as  a  relatively  insensitive,  high 
energy,  melt  castable  replacement  for  HMX  and  TNT.  We  therefore  began  a  detailed  analysis  of  the  kinetics  and 
mechanisms  of  their  thermal  decomposition  behaviors  in  order  to  develop  a  predictive  model  which  will  be  useful  in 
planning  appropriate  processing,  storage,  and  usage  conditions  for  these  new  materials.  Additionally,  we  have  a 
great  deal  of  interest  in  TNAZ  as  a  cyclic  nitramine  arising  from  our  past  detailed  work  on  RDX  and  HMX.2'16 
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Previous  work  by  other  groups  examined  TNAZ  decomposition  in  the  condensed  phase,  by  rapid-scan 
Fourier  transform  infrared  spectroscopy  (RSFTIR),17  and  in  a  molecular  beam,  by  infrared  multiphoton  dissociation 
(IRMPD).18  Both  studies  showed  N02  loss  by  cleavage  of  either  the  nitramine  or  a  nitroalkane  group.  The 
condensed-phase  work  also  indicated  HN02  elimination  and  nitro-nitrite  rearrangement  of  the  nitroalkane  groups. 
The  molecular  beam  work  suggested  that  the  initial  N02  cleavage  was  followed  by  ring-opening,  additional  N02 
loss  and  then  decomposition  to  N202  and  C3H4.  Neither  study  determined  which,  or  if  both,  of  the  nitramine  and 
nitroalkane  groups  were  responsible  for  the  initial  N02  cleavage.  It  is  unclear  whether  the  unimolecular  processes 
operant  in  the  molecular  beam  environment  also  control  decomposition  in  higher  pressure  environments,  or  if 
bimolecular  processes  are  important.  Also,  in  the  condensed  phase  study,  the  existence  of  the  nitro-nitrite 
rearrangement  was  uncertain,  and  the  observation  of  HONO  suggested  the  possibility  of  an  alternative  decomposition 
pathway  to  N02  cleavage. 
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In  preliminary  work  reported  previously,19*  20  we  identified  the  major  liquid/gas  phase  thermal 
decomposition  products  of  TNAZ.  One  important  new  product  we  observed  is  its  nitroso  analog,  NDNAZ,  which 
we  anticipated  based  on  our  previous  observations  of  nitroso  analogs  formed  in  the  decomposition  of  other  cyclic 
nitramines  such  as  HMX  and  RDX.  We  also  reported  the  major  thermal  decomposition  products  of  independently- 
synthesized  NDNAZ,  and,  using  N-15N02  labelled  TNAZ,  showed  that  NO2  loss  occurs  at  both  possible  sites  with 
cleavage  of  the  weaker  nitramine  bond  preceding  that  of  the  gem-dinitroalkane  group.  Here  we  report  additional 
mechanistic  details,  improved  experimental  techniques,  gas  formation  rates  of  major  decomposition  species  versus 
time,  and  a  novel  autocatalytic  behavior  displayed  by  a  polymeric  decomposition  residue. 

EXPERIMENTAL 

The  experiments  for  this  report  were  conducted  using  our  Simultaneous  Thermogravimetric  Modulated 
Beam  Mass  Spectrometer  (STMBMS),  which  we  have  described  in  detail  previously.21"23  Briefly,  samples  of 
energetic  material  (ca.  5-15  mg)  are  loaded  into  an  alumina  reaction  cell  (internal  volume  -  0.25  cc)  containing  a 
“splash”  baffle  and  capped  with  a  supported  gold  foil  disk  with  a  small  orifice.  The  orifice  size  can  be  varied  to 
choose  the  amount  of  containment  of  evaporated  TNAZ/NDNAZ  and  evolved  gaseous  decomposition  products.  The 
cell  is  loaded  onto  a  thermocouple  probe  attached  to  the  arm  of  a  microbalance.  The  reaction  cell  is  surrounded  by  a 
tubular  alumina  furnace  shell  wrapped  with  a  bifilar-wound  tungsten  wire  heating  element.  During  an  experiment, 
the  chamber  is  evacuated  to  ~1  X  lO6  Torn  The  effluent  from  the  cell  undergoes  an  isentropic  expansion,  passes 
through  two  beam-defining  orifices  located  in  a  differentially-pumped  vacuum  chamber,  and  is  chopped  by  a  rotating, 
toothed  wheel.  This  modulated  beam  enters  a  quadrupole  mass  spectrometer,  which  gains  a  considerable 
improvement  in  the  signal-to-noise  ratio  by  subtracting  the  background  signal  from  the  signal  of  the  free  beam. 
Ions  are  generated  in  the  mass  spectrometer  by  electron  impact  at  an  energy  of  -20  eV,  less  than  the  typical  -70  eV 
in  order  to  reduce  the  contribution  of  ion  fragmentation  due  to  electron  impact.  Mass  spectra,  weight  loss,  and 
temperature  data  are  collected  versus  time.  By  correlating  the  ion  signals  with  the  force  measured  by  the 
microbalance,  the  concentration  and  formation  rate  of  each  gaseous  decomposition  product  can  be  determined. 

We  have  made  several  improvements  in  our  experimental  design.  We  have  extended  the  range  of  gas 
containment,  going  down  to  orifice  sizes  as  small  as  2.5  (im.  The  gold  orifice  disk  is  compressed  on  top  of  an  Co¬ 
ring  residing  in  a  recessed  groove  in  the  tapered  alumina  cap,  and  a  light  coat  of  silicone  vacuum  grease  seals  the 
tapered  joint  between  the  cap  and  the  cell;  no  significant  weight  loss  or  ion  signal  contribution  due  to  the  silicone 
grease  is  observed  in  the  temperature  range  of  this  study.  Under  these  conditions  pressures  exceeding  1000  Torr  can 
be  achieved  during  a  NDNAZ  or  TNAZ  experiment. 

The  flow  through  such  small,  irregularly  shaped  channels  is  not  amenable  to  an  analytic  description.  We 
have  dealt  with  this  in  the  past  for  larger  orifices  by  calibrating  the  weight  loss  and  ion  signal  of  a  naphthalene 
evaporation  experiment  to  literature  vapor  pressure  data.  These  calibrations,  however,  are  time  consuming  and  thus 
impractical  for  continuing  surveillance  of  orifice  flow  characteristics  which  can  change  dramatically  upon  deposition 
of  a  miniscule  amount  of  material.  Therefore,  we  devised  a  rapid  flow  test,  separate  from  the  STMBMS,  consisting 
of  a  measured,  minimum  volume,  stainless  steel  dummy  cell  equipped  with  a  pressure  transducer  and  appropriate 
valving.  A  known  amount  of  N2  is  applied  to  one  side  of  the  orifice  and  an  active  vacuum  to  the  other.  The 
pressure  drop  as  the  N2  flows  through  the  orifice  is  measured  versus  time.  From  this,  the  relationship  between  flow 
rate  and  pressure  is  determined,  and  furthermore,  the  question  of  whether  the  flow  characteristics  of  a  particular  orifice 
have  changed  after  an  experiment  can  be  answered.  One  naphthalene  calibration  experiment  is  run  for  each  2.5  (im 
orifice  and  is  assumed  valid  as  long  as  the  N2  flow  tests  for  that  orifice  do  not  vary  significantly. 

The  extent  of  gas  containment  is  determined  by  the  flow  characteristics  of  the  orifice  (which  vary  among 
orifices  of  the  same  nominal  size),  the  free  volume  of  the  cell  (fixed  in  this  study),  and  the  leak  rate  of  the  cell.  For 
2.5  (am  experiments,  we  demand  the  leak  rate  at  a  cell  pressure  of  1000  Torr,  measured  before  and  after  the 
experiment  with  a  helium  leak  detector,  be  less  than  1%  of  the  flow  rate  through  the  orifice.  Typical  flow  rates  at 
1000  Torr  for  nominally  2.5  |im  orifices  range  from  4.0-9.0  X  10'8  mol/s.  Cell  leak  rates  of  2.0  X  10‘10  mol/s  are 
routinely  achievable  and  cells  with  a  carefully  matched  cap  can  have  rates  as  low  as  5  X  10'12  mol/s.  These  rates  are 
usually  the  same  or  smaller  after  an  experiment;  in  rare  cases  where  the  cell  seal  fails,  there  are  obvious  residue 
streaks  around  the  cap. 


2 


Successful  use  of  the  2.5  |Hm  orifices  is  quite  challenging.  They  are  actually  channels  rather  than  point 
orifices  (the  gold  foil  is  25  p,m  thick),  and  are  quite  rough  compared  to  their  diameter  (Figure  1).  Because  the 
volume  of  the  orifice  channel  is  only  ~5  X  1(H°  cm3,  full  obstruction  of  the  orifice  would  require  only  a  few 
picomoles  or  roughly  1/107  of  a  typical  sample!  Considering  that  most  of  the  materials  we  study  are  prone  to 
forming  intractable  polymeric  residues,  it  is  quite  remarkable  these  orifices  are  useful  at  all. 

Syntheses  of  TNAZ  and  15N02-TNAZ  have  been  previously  described.19’  20  Samples  of  NDNAZ  were 
obtained  from  M.  Hiskey  at  Los  Alamos  National  Laboratory.  A  final  purification  to  remove  adsorbed  water  and 
small  amounts  of  other  volatile  impurities  was  performed  by  holding  the  reactions  at  an  initial  isotherm  of  100°C 
for  3000-5000  seconds. 

Data  analysis  and  quantification  techniques  have  been  described  in  detail  elsewhere.21-23  In  our  earlier 
report,  we  described  preliminary  decomposition  experiments  primarily  conducted  with  a  linear  heating  ramp  and  a 
few  high  temperature,  isothermal  experiments.  The  interpretations  were  based  on  the  raw  ion  signal  data,  which  can 
be  misleading  because  the  absolute  ion  signals  depend  on  the  ion  formation  probabilities  of  the  parent  molecules. 
Here  we  present  data  from  isothermal  experiments  conducted  at  10°C  increments  spanning  120-16CTC  for  NDNAZ 
and  160-210°C  for  TNAZ.  The  raw  data  have  been  corrected  to  reflect  the  relative  ion  formation  probabilities  of  the 
species  measured. 


RESULTS  AND  DISCUSSION 

TNAZ  DECOMPOSITION 

Previously  we  reported  the  major  decomposition  products  of  TNAZ  were  NO  and  N02,  based  on  ion  signal 
intensities.  We  find  that  NO  and  N02  are  still  major  decomposition  products  after  adjusting  for  relative  ion 
formation  probabilities,  although  the  latter’s  importance  is  substantially  reduced,  especially  at  higher  temperatures. 
This  adjustment  also  reveals  a  more  significant  role  for  products  such  as  H20  and  CO/N2,  and  to  a  lesser  extent 
C02/N20,  HCN,  and  CH20.  At  low  temperatures,  the  major  initial  product  is  N02  (Figure  2).  At  higher 
temperatures,  the  relative  amount  of  N02  is  decreased  and  the  relative  amount  of  NO  is  increased.  At  higher 
temperatures,  H20,  CO/N2,  C02/N20,  and  HCN  also  become  more  important  (not  shown).  A  smaller,  yet 
significant  product  is  the  N-nitroso  analog  of  TNAZ,  NDNAZ  (Figure  3).  On  increasing  temperature,  its  amount 
and  gas  formation  rate  decrease  relative  to  the  other  products,  which  is  reasonable  since  it  decomposes  much  more 
readily  than  TNAZ.  The  time  evolution  changes,  however,  with  the  initial  gas  formation  rate  rising  earlier  with 
increasing  temperature,  following  the  increase  in  NO.  Also  notable  are  small  increases  in  the  gas  formation  rates  of 
several  decomposition  products  following  the  increase  in  NDNAZ,  which  correspond  to  products  of  its 
decomposition. 

Experiments  using  N-15N02  labeled  TNAZ  show  both  isotopes  are  represented  in  NO  and  N02,  proving 
they  are  from  both  the  nitramine  and  the  gem-dinitroalkane  sites  (Figure  2).  Because  their  gas  formation  rates, 
though  similar  at  low  temperatures,  are  not  perfectly  correlated  and  diverge  further  with  increasing  temperature,  they 
must  be  generated  by  different  reaction  pathways.  The  relative  gas  formation  rates  of  15N02  are  much  greater  than 
for  14N02,  starting  at  a  ratio  of  approximately  16:1  at  160°C  and  decreasing  to  about  6:1  at  210°C.  As  this  ratio 
decreases  with  elevated  temperature,  the  gas  formation  rate  of  15NO  increases,  particularly  the  initial  rate.  At  low 
temperatures,  the  14NO  gas  formation  rate  is  about  20%  greater  than  for  I5NO  over  the  course  of  the  decomposition, 
with  similar  (though  not  perfectly  correlated)  time  evolutions  for  each  showing  a  gradual  decline  from  the  initial 
peak  rate.  At  210°C,  the  initial  formation  rate  of  15NO  is  nearly  double  that  of  14NO  but  decreases  fairly  rapidly, 
contrary  to  the  14NO  rate  which  increases  more  slowly  and  holds  relatively  constant  for  some  time  after  reaching  its 
peak.  These  behaviors  indicate  the  first  decomposition  step  is  cleavage  of  the  nitramine  15N02  group.  This  is 
followed  by  a  temperature  sensitive  decomposition  of  the  free  15N02,  generating  most  or  all  of  the  observed  ^NO. 
In  contrast,  relatively  little  14N02  arises  from  the  gem-dinitroalkane  group  at  any  temperature.  Because  there  is  still 
a  considerable  amount  of  I4NO,  however,  it  must  be  produced  by  mechanisms  other  than  free  14N02  decomposition. 
The  primary  mechanism  is  probably  nitro-nitrite  rearrangement  of  the  gem-dinitroalkane  followed  by  decomposition 
to  14NO,  C02,  and  other  fragments. 


3 


Also  interesting  is  the  lack  of  correlation  between  the  15NO-NDNAZ  and  14NO-NDNAZ  (Figure  3).  These 
are  somewhat  similar  at  low  temperatures,  but  at  higher  temperatures  they  become  quite  different,  with  the  '^NO- 
NDNAZ  formation  rate  rising  significantly  earlier  in  the  course  of  the  decomposition.  The  difference  is  not  as  great 
as  that  between  14NO  and  I5NO  but  the  two  sets  of  products  do  compare.  Because  the  15NO-NDNAZ  rate  decreases 
as  15NO  decreases  while  the  i4NO-NDNAZ  drops  when  the  TNAZ  signal  drops,  we  surmise  that  NDNAZ  formation 
is  dependent  on  NO  concentration,  and  furthermore,  it  occurs  primarily  by  a  direct  displacement  of  the  nitramine- 
N02  group  by  NO. 


NDNAZ  DECOMPOSITION 

We  also  performed  a  series  of  experiments  using  independently  synthesized  NDNAZ.  The  number  of 
pathways  important  in  NDNAZ  decomposition  seems  to  be  less  than  for  TNAZ,  though  the  entire  process  is  still 
complex.  The  product  mix  is  substantially  different,  however,  and  the  decomposition,  which  proceeds  more  readily, 
also  exhibits  a  dramatic  autocatalytic  effect. 

The  major  product  is  again  NO,  which  must  come  from  both  the  nitrosamine  and  the  gem-dinitroalkane 
sites  because  more  than  one  equivalent  of  NO  is  released  (Figure  4).  Although  we  have  not  examined  labeled 
NDNAZ,  several  observations  point  to  nitrosamine  cleavage  as  the  likely  dominant  source  of  NO  in  the  initial, 
precatalysis  phase.  First,  the  nitrosamine  bond  is  weaker  than  the  gem-dinitroalkane  bond.  Second,  simple  cleavage 
is  sufficient  to  release  NO  from  the  nitrosamine  site,  wheras  a  more  complicated  (and  presumably  slower)  pathway  is 
required  to  generate  NO  from  the  gem-dinitroalkane  site.  Third,  low  levels  of  N02  show  nitroalkane  cleavage 
followed  by  decomposition  to  NO  (probably  the  simplest  potential  route  to  NO  from  the  gem-dinitroalkane)  is  not 
an  important  reaction,  which  is  also  consistent  with  observations  of  TNAZ  decomposition.  Fourth,  because  the  gas 
formation  rate  of  NO  is  greater  relative  to  other  low  molecular  weight  products  in  the  initial  phase,  it  must  be 
dominated  by  a  process  like  nitrosamine  cleavage  which  releases  NO  and  a  high  molecular  weight,  low  volatility 
species. 

The  advent  of  pathways  generating  low  molecular  weight  products  in  addition  to  NO  are  consistent  with  the 
increasing  importance  of  low  molecular  weight  gaseous  products  relative  to  NO  in  the  catalysis  phase.  An  obvious 
candidate  is  a  pathway  involving  nitro-nitrite  rearrangement  as  observed  in  TNAZ  decomposition,  which  generates 
C02  and  other  products  upon  releasing  NO. 

A  minor,  but  significant  product  due  to  its  high  molecular  weight,  is  observed  at  m/z  131.  One  plausible 
route  to  a  product  at  m/z  131  is  shown  in  Scheme  1.  Initial  steps  involve  nitrosamine  cleavage,  hydrogen  addition, 
and  at  least  one  nitro-nitrite  rearrangement.  The  key  step  is  the  decomposition  of  an  alkyl  nitrite  to  NO  and  the 
corresponding  alcohol  in  the  presence  of  water.  Elimination  to  the  alkene  is  next,  followed  by  NO  addition  to  the 
double  bond  and  another  hydrogen  addition  to  give  a  m/z  =  131  species.  The  actual  sequence  of  steps  may  vary,  and 
there  is  as  yet  no  direct  proof  of  the  structure  at  m/z  131.  Given  the  the  high  concentrations  of  NO  and  H20, 
however,  and  that  nitrosamine  cleavage  and  nitro-nitrite  rearrangements  are  already  favored,  we  feel  this  scheme  is 
reasonable.  Future  studies  will  use  isotopically  labeled  NDNAZ  to  further  investigate  this  mechanism. 


H  NO  OH 


Scheme  1:  Possible  reaction  path  leading  to  a  species  at  m/z  131. 


The  key  feature  of  NDNAZ  decomposition  is  the  autocatalysis  exhibited  after  an  initial  induction  period. 
This  leads  to  a  substantial  rise  in  gas  formation  rates,  nearly  400%  in  the  case  of  NO  formation  at  a  150°C 
isotherm.  We  have  observed  similar  behavior  for  other  compounds,  which  like  NDNAZ,  form  polymeric  residues. 
Proof  of  the  catalytic  activity  of  the  polymer  residue  is  given  by  an  experiment  (Figure  5)  where  fresh  NDNAZ  was 
added  to  the  residue-coated  cell  from  a  prior  NDNAZ  decomposition.  Upon  heating  to  the  same  isotherm,  formation 
rates  of  the  decomposition  products  rose  almost  immediately  to  the  high  rates  seen  near  the  end  of  the  catalysis 
phase  of  the  previous  experiment. 

Is  this  residue  a  general  catalyst  or  specific  to  NDNAZ?  The  TNAZ  decomposition  experiments  show  a 
slight  rise  in  product  formation  rates  near  the  end.  This  rise  is  due  at  least  to  NDNAZ  decomposition.  It  is  possible 
that  residue-catalyzed  NDNAZ  and  TNAZ  decomposition  also  contribute  to  this  feature.  It  is  also  true,  however, 
that  TNAZ  forms  much  less  residue  than  NDNAZ,  so  there  may  not  be  enough  to  have  a  clear  effect.  An  obvious 
future  experiment  is  to  add  fresh  TNAZ  to  a  cell  coated  with  NDNAZ  residue. 

In  this  sort  of  catalysis,  one  likely  controlling  feature  is  surface  area.  When  we  required  samples  of  these 
intractable  residues  for  elemental  analysis,  we  tried  adding  clean,  microscopic  (-100  |im)  glass  beads  to  the  reaction 
cell,  hoping  the  residue  would  coat  the  beads  and  could  then  be  easily  removed  from  the  cell.  Although  effective  for 
its  intended  purpose,  this  also  led  to  observable  autocatalysis  in  both  TNAZ  and  NDNAZ  decompositions; 
furthermore,  the  effect  was  much  more  dramatic  than  in  experiments  without  glass  beads  (Figure  6).  Certainly, 
simply  increasing  available  surface  area  can  give  a  catalytic  effect.  When  the  rate  of  catalysis  (in  an  isothermal 
experiment)  increases  with  the  reaction  progress,  however,  it  clearly  indicates  the  role  of  an  accumulating  product, 
the  definition  of  autocatalysis.  The  increase  in  the  catalytic  effect  compared  to  experiments  without  beads  suggests 
the  beads  serve  at  least  to  increase  the  surface  area  available  for  a  catalytic  residue,  but  does  not  rule  out  a 
participating  catalytic  role  for  the  surface  of  the  beads. 

One  feature  shown  by  both  TNAZ  and  NDNAZ  is  duration  of  product  evolution  after  the  parent  molecule  is 
depleted  (Figure  7).  At  low  temperatures,  product  evolution  drops  almost  as  soon  as  the  parent  is  depleted.  At 
higher  temperatures,  products  continue  to  evolve  after  depletion.  This  indicates  the  formation  of  less  volatile,  higher 
MW  products,  such  as  the  polymeric  residue,  or  containment  of  volatile  products  within  the  residue.  Consistent 
with  the  amount  of  polymeric  residue  formed  for  each  material,  the  continued  evolution  of  products  after  depletion  is 
more  important  in  NDNAZ  decomposition  than  in  TNAZ  decomposition. 

TNAZ  DECOMPOSITION  PATHWAYS 

The  basic  framework  of  TNAZ  decomposition  is  shown  below  (Scheme  2).  Clearly,  the  first  and  most 
important  step  is  cleavage  of  the  nitramine  bond,  releasing  N02  and  the  3,3-dinitroazetidinyl  radical.  Cleavage  of  a 
gem-dinitroalkane  occurs,  but  to  a  substantially  lesser  degree.  Another  important  route  is  the  nitro-nitrite 
rearrangement.  All  of  these  routes  lead  to  NO  formation,  which  in  turn  leads  to  a  direct  displacement  of  the 
nitramine  N02  groups  on  remaining  TNAZ  molecules.  Another  possible  path  is  elimination  of  H0N0/HN02  (not 
shown),  but  this  does  not  seem  to  be  an  important  pathway. 

NDNAZ  DECOMPOSITION  PATHWAYS 

There  are  two  likely  first  steps  for  the  decomposition  of  NDNAZ.  The  first  involves  cleavage  of  the 
nitrosamine  bond,  which  as  discussed  before,  is  probably  the  dominant  process  in  the  initial,  precatalysis  phase. 
The  other  likely  pathway  begins  with  the  nitro-nitrite  rearrangement.  Because  the  amount  of  NO  relative  to  the 
other  decomposition  products  is  much  larger  than  in  the  TNAZ  decomposition,  in  fact  larger  than  can  be  accounted 
for  by  nitrosamine  cleavage,  it  suggests  some  feature  of  NDNAZ  or  its  decomposition  environment  favors  the  nitro- 
nitrite  rearrangement,  most  likely  the  catalytic  polymeric  residue.  This  can  be  tested  by  decomposing  fresh  TNAZ 
in  the  presence  of  the  polymeric  residue;  if  true,  the  relative  amounts  of  NO  production  would  be  much  higher  than 
for  TNAZ  decomposition  alone.  Other  possible  first  steps,  such  as  direct  N02  cleavage  or  H0N0/HN02 
elimination,  may  be  present  in  small  amounts  but  are  not  major  contributors  according  to  the  data. 
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Scheme  2:  Major  TNAZ  decomposition  pathways 
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Scheme  3:  Major  NDNAZ  decomposition  pathways 


FUTURE  WORK 

Work  continues  on  this  system  to  complete  collection  of  quantitative  data  and  address  a  few  more 
mechanistic  details,  such  as  the  structure,  formation,  and  activity  of  the  catalytic  polymer  residue  from  NDNAZ. 
Time-of-flight  velocity  spectra  will  be  employed  to  identify  which  minor  peaks  are  actually  products  and  not 
fragments  of  parent  molecules  created  by  electron  impact  ionization  in  the  quadrupole  mass  spectrometer  employed 
in  this  study.  This  information  will  be  folded  into  a  global  decomposition  model  incorporating  the  different  reaction 
pathways,  the  quantified  data,  and  the  gas  formation  rates. 


SUMMARY 

The  major  products  formed  in  the  decomposition  of  TNAZ  are  N02  and  NO,  with  lesser  amounts  of  HzO, 
HCN,  CO/N2,  C02/N20,  NDNAZ,  and  a  small  amount  of  polymeric  residue.  The  results  indicate  four  likely  steps 
for  the  first  step  in  the  TNAZ  decomposition.  Three  of  these  generate  N02,  either  by  unimolecular  cleavage  of  a 
nitramine  or  nitroalkane,  or  by  displacement  of  the  nitramine  N02  by  NO,  while  the  fourth  involves  a  nitro-nitrite 
rearrangement  of  the  gem-dinitro  group  (elimination  of  HN02  occurs,  but  is  relatively  small).  The  unimolecular 
fragmentation  pathways  are  supported  because  N02  generation  is  initially  first  order  in  TNAZ  concentration  in  both 
liquid  and  gas  phases  (additional  sources  of  N02  must  exist  because  its  signal  does  not  decrease  as  TNAZ  nears 
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depletion).  Experiments  using  1-15N02-TNAZ  show  N02  evolution  from  both  sites  in  the  molecule,  though 
occuring  first  at  the  weaker  nitramine  bond;  and  also  indicate,  by  lack  of  isotopic  shifts,  that  signals  at  m/z  28  and 
44  are  mostly  CO  and  C02  rather  than  N2  and  N20.  The  observation  that  the  rates  of  formation  of  N02,  NO,  and 
NDNAZ  increase  sequentially  indicates  NDNAZ  is  formed  by  direct  replacement  of  the  nitramine  N02  in  TNAZ  by 
NO.  This  and  the  nitro-nitrite  pathway  are  also  suggested  because  C02,  NO,  CO/N2,  HCN,  CH3CN,  and  NDNAZ 
do  not  correlate  with  the  first-order  N02  cleavage.  Evolution  of  C02/N20,  NO,  HCN,  and  CO/N2  after  TNAZ 
depletion  indicates  they  are  thermal  decomposition  products  of  NDNAZ. 

The  decomposition  of  independently  synthesized  NDNAZ  provides  further  clues  to  the  overall 
decomposition  process.  The  major  product  in  the  decomposition  of  NDNAZ  is  NO,  followed  by  lesser  amounts  of 
H20,  HCN,  CO/N2,  C02/N20,  and  a  significant  amount  of  polymeric  residue,  which  actually  catalyzes  NDNAZ 
decomposition.  While  these  products  are  similar  to  those  formed  in  the  TNAZ  decomposition,  their  ratios  differ 
significantly.  There  are  two  likely  first  steps  for  the  decomposition  of  NDNAZ,  either  cleavage  of  the  N-nitroso 
group  to  form  NO  and  3,3-dinitroaziridinyl  radical,  or  nitro-nitrite  rearrangement  of  the  gem-dinitro  group.  Because 
more  than  one  equivalent  of  NO  is  evolved,  a  nitro-nitrite  rearrangement  as  in  the  second  path  almost  certainly 
occurs. 


The  results  of  our  experiments  confirm  loss  of  N02  as  one  of  the  first  steps  in  TNAZ  decomposition,  as 
discovered  in  RSFTIR  and  IRMPD  experiments  by  other  groups,  and  furthermore,  show  that  the  N02  arises  from 
both  possible  sites.  Contrary  to  the  RSFTIR  experiments,  however,  HN02  elimination  is  relatively  unimportant. 
We  find  once  again  that  a  mononitroso  analog  (NDNAZ)  is  an  important  intermediate  in  nitramine  decomposition, 
as  we  have  shown  previously  for  RDX,  TNCHP,  and  HMX. 

Several  significant  improvements  have  been  made  to  our  experimental  protocol,  allowing  the  effective  use 
and  characterization  of  2.5  |im  diameter  orifices,  despite  their  inherent  difficulties.  With  these  improvements, 
quantification  of  our  data  is  more  reliable.  Coupled  with  kinetic,  mechanistic,  and  physical  information  on  these 
decompositions,  this  will  provide  the  foundation  to  develop  a  detailed  mathematical  model  of  the  decomposition 
processes  of  TNAZ  and  NDNAZ. 
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Figure  1:  Electron  microscope  pictures  of  a  2.5  |im  orifice  disk.  Top  (1000X):  The  orifice  is  the  dark  spot  in  the 
center,  framed  by  smooth  dark  bands.  These  bands  are  mechanical  scratches  made  to  assist  location  of  the  orifice 
under  a  light  microscope.  Bottom:  Same  orifice,  higher  magnification.  The  orifice  is  quite  rough  and  irregular 
compared  to  its  diameter.  The  gold  in  the  undisturbed  areas  appears  semicrystalline. 
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Figure  2:  Gas  formation  rates  for  14NO,  >5NO,  >4N02,  and  15N02  in  N-i5N02  labeled  TNAZ  at  isotherms  from 
160-210  C.  Initially,  15N02  dominates.  Overall,  14N02  lags  l5N02  slightly.  At  high  temperature,  H/isjvJO 
dominates,  with  15NO  significantly  preceding  14NO. 
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Figure  3:  *^NTDNAZ  and  '^NDNAZ  formation  in  N-15N02  labeled  TNAZ  decomposition.  Note  differing  time 
behaviors.  Also,  as  temperature  increases,  15NDNAZ  formation  begins  to  precede  I4NDNAZ  formation. 
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Figure  4:  NO  formation  by  decomposition  of  pure,  independently  synthesized  NDNAZ.  NO  dominates  at  higher 
temperatures,  indicating  greater  decomposition.  The  nonlinear  increase  in  the  NO  rate  over  time  is  evidence  of 
autocatalysis  by  the  polymeric  residue.  More  catalytic  effect  is  evident  in  the  150'C  experiment  compared  to  the 
160”C  experiment  because  the  160°C  sample  is  smaller  (to  avoid  orifice  blockage),  and  the  NDNAZ  is  depleted 
before  much  residue  is  created. 
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Figure  5:  Proof  that  the  autocatalytic  behavior  is  due  to  the  decomposition  residue.  Upper  left,  NDNAZ 
decomposition  in  a  clean  cell  as  monitored  by  m/z  44  (C02/N20).  Upper  right,  fresh  NDNAZ  is  added  to  the 
residue-coated  cell  and  the  rate  of  decomposition  rises  almost  immediately  to  the  peak  rate  from  the  previous 
experiment  (and  continues  to  increase).  Lower  middle  shows  the  two  signals  superimposed  at  the  same  time  scales. 
Note  y  axis  here  is  ion  signal,  not  gas  formation  rate. 
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Figure  6:  Higher  rates  of  catalysis  are  see  in  the  prescence  of  microscopic  glass  beads  compared  to  normal 
decomposition.  Left  column,  NDNAZ,  right  column,  TNAZ.  Note  different  time  scales;  the  bead  experiments  for 
each  compound  are  exactly  half  as  long  as  the  normal  experiments.  Also,  note  the  >  2  order  of  magnitude  increase 
in  maximum  ion  signal  with  beads  (again,  m/z  44,  C02/N20). 
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Figure  7:  Evidence  for  less  volatile  intermediates  and/or  product  trapping  in  polymeric  residue.  Dark  lines  represent 
the  NDNAZ  or  TNAZ  vapor  formation  rate,  while  grey  lines  represent  various  important  low  molecular  weight 
products.  In  the  top  row,  product  evolution  drops  almost  as  soon  as  the  parent  material  is  depleted.  At  high 
temperature  (bottom  row),  products  continue  to  evolve  after  depletion. 
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ABSTRACT 

Understanding  the  complex  physicochemical  processes  involved  in  the  combustion  and 
decomposition  of  energetic  materials  is  essential  to  the  development  of  reliable  models  for  the 
performance,  stability  and  hazards  analysis  of  propellants  and  explosives  and  to  provide  a  basis  for 
improvement  of  ignition  and  sensitivity  properties  of  their  formulations.  Since  the  nitramines  RDX  and 
HMX  are  important  materials  as  propellants  and  explosives,  we  have  undertaken  a  comprehensive] 
in-depth  study,  over  the  years,  of  their  thermal  decomposition  kinetics  and  mechanisms  using  unusual 
sophisticated  techniques,  namely,  simultaneous  thermogravimetric  modulated  beam  mass  spectrometry 
(STMBMS),  time-of-flight  velocity  spectra  analysis,  isotope  labeling  (lsN,  13 C,  2H  and  1  <3j,  isotope 
scrambling  techniques  and  deuterium  kinetic  isotope  effects  (DKIE).  In  this  paper,  the  results  of  the 
condensed  and  gas  phase  decomposition  studies  of  RDX  and  HMX  are  reviewed  in  terms  of  the  reaction 
pathways,  bond-breaking  steps  and  some  bond-forming  reactions.  A  comparison  is  made  with  the 
decomposition  of  six  other  cyclic  nitramines  and  the  common  and  contrasting  modes  of  decomposition 
are  highlighted.  In  particular,  it  is  shown  that  the  formation  of  a  mononitroso  analogue  from  RDX  and 
HMX,  respectively,  as  intermediates,  represents  an  important  thermal  degradation  pathway  in 
each  and  probably  also  in  four  other  nitramines  studied.  The  cyclic  nitramine 
l,3,5-trinitro-l,3,5-triaza-cyclo-heptane  exhibits  the  potential  to  be  a  new  useful  nitramine  with  valuable 
applications. 


1.  INTRODUCTION 

The  cyclic  nitramines  hexahydro-1,3,5- 
trinitro-s-triazine,  RDX  (I)  and  octahydro-1,3,5,7- 
tetranitro-l,3,5,7-tetraazocine,  HMX  (II)  are  high 
energy  containing  compounds  that  are  used  extensively 
in  both  propellant  and  explosive  formulations.  A 
thorough  knowledge  of  the  underlying  complex 
physico-chemical  processes  in  the  combustion  of  these 
materials  is  essential  to  develop  methods  to  modify  their 


formulations  so  as  to  obtain  better  ignition,  combustion 
or  sensitivity  properties!  There  are  several  other  less 
known  cyclic  nitramines  also  described  in  the  literature 
which  are  structurally  similar  to  RDX  and  HMX,  some 
of  which  are  covered  in  this  review;  Their  structures  are 
shown  in  Fig.  1.  A  detailed  study  of  the  decomposition 
processes  of  these  materials  serves  several  purposes. 
Firstly,  in  solid-propellant  combustion,  the 
decomposition  processes  occurring  in  the  condensed 
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phase  generate  low  molecular  weight  chemical  species 
that  feed  the  gas  phase  flames.  These  processes  together 
control  the  bum  rates  of  propellants.  Secondly,  in  both 
propellants  and  explosives  it  is  important  to  understand 
the  mechanisms  that  control  the  stability  of  these 
materials  when  they  are  subjected  to  elevated 
temperatures,  electrostatic  discharge,  impact  or  shock. 
The  response  of  energetic  materials  to  these  stimuli 
determines  their  degree  of  safety  when  subjected  to 
abnormal  environments  such  as  fires.  Thirdly,  a 
knowledge  of  the  molecular  processes  that  control  the 
response  of  the  energetic  materials  to  abnormal 
environments  will  provide  an  insight  into  the  molecular 
properties  which  control  the  relative  stability  and 
sensitivity  of  these  materials.  Finally,  a  comparison  of 
the  decomposition  pathways  of  a  variety  of  cyclic 
nitramines  should  shed  some  light  on  the  structural 
factors  that  promote  stability  and  other  desirable 
properties. 

Until  about  ten  years  ago  there  were  scattered 
reports  on  investigations  of  the  decomposition  chemistry 
of  RDX  and  HMX  which  included  slow-heating  rate 
studies,1-4  mass  spectrometry  studies,5-9  high-heating 
rate  studies10,11  and  studies  of  shock  intiated 
decomposition12,13.  These  studies  were  recently 
reviewed14,15  in^the  literature.  The  current  work  in  these 
laboratories  over  the  last  ten  years  being  reviewed  now, 
has  utilised  more  sophisticated  experimental  techniques 
namely,  simultaneous  thermogravimetric  modulated 
beam  mass  spectrometry  (STMBMS)16,  time-of-flight 
velocity  spectra  analysis,  isotope  labeling  (15N,  13C,  2H 
and  180),  isotope  scrambling  techniques17-20  and 


deuterium  kinetic  isotope  effects  (DKIE)17-20  to 
investigate  the  kinetics  of  decomposition  and  the  initial 
work  focussed  on  RDX  and  HMX  decompositions17-20. 
Following  this  work,  less  extensive  investigations  have 
been  carried  out  on  the  nitramines  (III)  to  (VIII)  (Fig.l) 
in  an  effort  to  obtain  structural  correlations21-23.  The 
highlights  of  these  investigations  on  RDX,  HMX  and  the 
other  cyclic  nitramines  in  Fig.  1,  are  presented  in  this 
paper  with  the  focus  on  the  common  features  as  well  as 
the  significant  differences. 

2.  EXPERIMENTAL  METHODS  &  MATERIALS 
2.1  Experimental  Methods 

Various  experimental  techniques  employed  in 
obtaining  the  quantitative  and  qualitative  data  on  the 
nitramine  decompositions  are  already  described  in  great 
detail  in  References  16  to  23.  Therefore,  merely  a  brief 
outline  of  the  methods  will  be  included  here.  Thermal 
decomposition  measurements  in  these  studies  are  carried 
out  on  typically  2  to  10  mg  samples  using  the  STMBMS 
apparatus16. 

This  apparatus  basically  consists  of  a 
thermo-balance,  a  specially  designed  alumina  reaction 
cell  in  which  the  decomposition  is  carried  out  and  a 
quadrupole  mass  spectrometer  with  the  ionisation  source 
vertically  above  the  reaction  cell.  The  molecules  that 
exit  the  cell  into  a  high  vacuum  environment  (~10-6  to 
10-10  torr),  are  formed  into  a  modulated  molecular  beam 
and  pass  directly  through  the  electron-bombardment 
ionizer  of  a  quadrupole  mass  spectrometer  without 
undergoing  any  further  collisions  with  background 
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Figure  1.  Structures  of  nitramines  currently  under  investigation. 
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Figure  2.  Four  major  decomposition  pathways  of  RDX  in  the  liquid  Phase.  (Data  from  Ref.  19) 
behavior  of  the  products  formed  during  the  thermal  decomposition  of  TNAZ-1-  iV02- 


molecules  or  walls  of  the  vacuum  chamber.  In  the  region 
between  the  reaction  cell  and  the  ionization  source  are 
located  a  set  of  beam  defining  orifices  and  a  beam 
modulating  wheel.  This  instrument  allows  the  gas-phase 
species  to  be  identified  and  their  rates  of  formation  to  be 
measured  as  a  function  of  time.  The  decomposition  is 
carried  out  in  the  alumina  reaction  cell  from  which  the 
gaseous  decomposition  products  may  exit  only  through 
an  orifice  whose  diameter  ranges  from  2.5  pm  to  1000 
pm  depending  upon  the  degree  of  confinement  of  the 
decomposition  products  desired  (pressure  of  the 
contained  gases  can  be  varied  between  0  and  2000  torr). 
The  force  due  to  the  gas  within  and  exiting  the  reaction 
cell  (thrust  and  mass  loss)  is  measured  simultaneously 
with  the  mass  spectra  of  the  evolving  gases.  The  gases 
are  identified  from  the  m/z  values  of  temporally 
correlated  groups  of  ion  signals,  from  the  molecular 
weight  of  the  neutral  molecules  evolving  from  the  cell 
as  determined  from  time-of-flight  velocity  spectra  and 
by  use  of  isotopically  tagged  analogues  of  the  molecules 
being  studied.  The  rates  of  gas  formation  are  determined 
in  an  analysis  procedure  that  utilises  the  ion  signals 
measured  with  the  mass  spectrometer,  the  force 
measured  by  the  microbalance  and  the  flow 
characteristics  of  the  reaction  cell  orifice.  The  end  result 
of  the  experiments  and  the  data  analysis  procedure  is  the 


rate  of  gas  formation  of  each  species  formed  during  the 
thermal  decomposition  as  a  function  of  time  and  of 
pressure  of  the  contained  gases.  From  this  information, 
insight  into  the  reaction  mechanisms  that  control  the 
decomposition  process  and  the  kinetic  rate  parameters 
associated  with  the  rate  controlling  reaction  mechanisms 
is  obtained. 

2.2  Source  of  Samples  Studied 

While  RDX  and  HMX  samples  were  obtained  from 
military  sources  and  purified  by  repeatedcrystallisations 
from  acetone,  their  isotopic  analogues  and  all  the  other 
nitramines  were  made  in  these  laboratories  by  methods 
already  known.  The  syntheses  of  the  isotopic  analogues 
of  RDX  (I)  and  HMX  (II)  were  described  in  previous 
papers20’24'  ONDNTA  (III)  and  its  deuterium  labeled 
analogue,  ONDNTA-d6,  which  are  intermediates  in  the 
decomposition  of  RDX  and  RDX-d6  respectively,  were 
prepared  according  to  previously  known  methods25 
starting  with  the  corresponding  hexahydro-1,3,5- 
trinitroso-s-triazine  analogue.  The  deuterated  version  of 
the  hexahydro-l,3,5-trinitroso-s-triazine  was  prepared 
by  the  base  catalysed  deuterium  exchange  method 
described  in  yet  another  paper26.  The  nitramines 
TNCHP27  (IV),  DNCP28  (V)  and  DNCHX29  (VI)  were 
synthesised  according  to  the  methods  already  described 
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in  the  early  literature  on  nitramines.  The  methods  of 
synthesis  of  K630  (VII)  and  TNAZ  31  (VIII)  were  also 
published  relatively  recently.  15V02-labeled  TNAZ  was 
prepared  by  treating  3,3-dinitroazetidine,  an 
intermediate  in  the  TNAZ  synthesis,  with  Hl5N03. 

3.  RDX  &  HMX  DECOMPOSITIONS 

The  decomposition  of  both  RDX  and  HMX  is 
controlled  by  multiple  pathways  whose  behaviour 
depends  on  the  physical  state  of  the  sample.  In  the  case 
of  RDX,  for  example,  four  major  pathways  shown  in 
Fig.  2  have  been  identified19.  The  decomposition  of  both 
RDX1 9*^0  an(j  HMX17,18  gives  rise  to  many  common 
products,  the  nature  and  relative  abundance  of  each 
being  determined  by  initial  decomposition  reactions 
(i.e.,  N-NO2  bond  breaking  and  HONO  elimination)  and 
secondary  reactions  between  the  reactant  and  its 
decomposition  products.  Examples  of  common  products 
are  H20,  N20 ,  CH20 ,  NO,  CO,  HCN,  N02 ,  NHiCHO 
and  CH3NHCHO .  Products  unique  to  each  are  OST 
(oxy-s-triazine,  m/z  97),  ONDNTA  (m/z  206)  from  RDX 
and  ONTNTA  and  (CH^iN-NO  from  HMX  :  One 
important  common  pathway  of  decomposition  in  both 
RDX  and  HMX  was  found17'19  to  be  the  formation  of 
the  mononitroso  analogues  (l-nitroso-3,5-dinitro- 
1,3,5-triazine,  ONDNTA  (III)  and  1-nitroso- 
3,5,7-trinitro-l,3,5,7-tetraazocine,  ONTNTA, 

respectively)  of  these  cyclic  nitramines  as  intermediates 
in  both  liquid  and  solid  phases.  Isotope  scrambling 
experiments  using  mixtures  of  fully  15Af-labeled  and 
unlabeled  samples  showed  that  the  mononitroso 
analogues  were  formed  with  complete  isotope  mixing  in 
the  liquid  phase  decompositions  and  partial  mixing  in 
the  solid  phase  decompositions.  This  implies  a 
re-formation  of  N-NO  bond  at  least  in  the  liquid  phase 
decomposition  pathways.  Both  ONDNTA  and  ONTNTA 
undergo  further  decomposition,  contributing  to  the  low 
molecular  weight  gaseous  products  observed  in  the  RDX 
and  HMX  decompositions  and,  therefore,  play  a 
significant  role  in  the  overall  decomposition  processes. 

3.1  RDX  Decomposition  in  the  Liquid  Phase 

Of  the  four  primary  reaction  pathways  controlling 
the  decomposition  of  RDX  in  the  liquid  phase  between 
200  and  215  °C  (Fig.  2),  two  pathways  are  "first  order" 
reactions  solely  in  RDX.  One  of  these  produces 
predominantly  OST,  NO,  and  H20  and  accounts  for 


Figure  3.  Ion  signals  associated  with  the  thermal 
decomposition  products  formed  from  pure 
unlabeled  RDX  at  an  isothermal  temperature  of 
190°C.  The  ONDNTA,  N20,  CH20,  CH3NHCHO 
signals  all  show  a  gradual  increase  prior  to  the 
onset  of  the  appearance  of  the  signals  associated 
with  the  liquid  phase  decomposition  (OST,  H20 
and  N02)*  Data  from  Ref.  19. 

approximately  30  per  cent  of  the  decomposed  RDX  and 
the  other  produces  predominantly  N20  and  CH20  with 
smaller  amounts  of  N02f  CO ,  and  NH2CHO  and 
accounts  for  10  per  cent  of  the  decomposed  RDX.  The 
third  pathway  consists  of  formation  of  ONDNTA  by 
reaction  between  NO  and  RDX,  followed  by  the 
decomposition  of  ONDNTA  to  predominantly  CH20  and 
N20.  The  nature  of  the  fourth  reaction  pathway  is  less 
certain.  From  our  original  experiments  on  RDX,  we 
proposed  that  in  the  fourth  pathway,  RDX  decomposes 
by  reaction  with  a  catalyst  that  is  formed  from  the 
decomposition  products  of  RDX.  This  conclusion  is 
based  on  the  temporal  behaviour  of  the  gas  formation 
rates  of  the  decomposition  products.  However,  from 
more  recent  experiments  with  the  independently 
synthesised  mononitroso  analogue  of  RDX,  ONDNTA, 
it  appears  that  this  fourth  channel  may  also  involve  the 
ONDNTA  intermediate.  The  third  and  fourth  reaction 
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Figure  4.  (A)  Gas  formation  rates  of  the  products  from 
the  thermal  decomposition  of  HMX  at  210  °C. 
The  duration  of  the  decomposition  process  is 
about  37000  seconds.  (B)  Gas  formation  rates  of 
thermal  decomposition  products  from  HMX-dg 
during  the  induction  period  and  first  stage  of  the 
acceleration  period. 

channels  each  account  for  approximately  30  per  cent  of 
the  decomposed  RDX. 

3.2  RDX  Decomposition  In  the  Solid  Phase 

Experiments  with  solid  phase  RDX  have  shown  that 
its  decomposition  rate  is  very  much  slower  than  that  of 
liquid  phase  RDX  as  can  be  seen  in  Fig.  3.  ONDNTA  is 
the  only  product  that  appears  to  be  formed  during  the 
early  stages  of  the  decomposition  of  RDX  in  the  solid 
phase.  As  the  solid-phase  decomposition  progresses, 
NiO  and  lesser  amounts  of  CH2O  start  to  evolve  and 
their  rates  of  evolution  increase  slowly  until  products 
associated  with  the  liquid-phase  RDX  decomposition 


appear  and  the  rates  of  gas  formation  of  all  products 
rapidly  increase.  This  behaviour  strongly  suggests  that 
the  decomposition  of  solid  RDX  occurs  through 
formation  of  ONDNTA  within  the  lattice.  Its  subsequent 
decomposition  within  the  lattice  to  N2O  and  CH2O , 
followed  by  the  dispersion  of  CH2O  in  the  RDX,  leads 
to  the  eventual  liquefaction  of  the  remaining  RDX  and 
the  onset  of  the  associated  liquid-phase  decomposition 
reactions. 

3.3  HMX  Decomposition  in  the  Solid  Phase 

The  solid  phase  decomposition  of  HMX  was 
studied  in  detail  in  the  temperature  range  210  °C  and 
235  °C.  Since  its  melting  point  is  about  275  °C,  the 
decomposition  in  the  experiments  was  predominantly  in 
the  solid  phase.  It  was  found  on  the  basis  of  temporal 
correlations  of  evolution  of  products  that  physical 
processes  played  a  very  important  role  in  controlling  the 
rates  of  decompositian.  The  first  step  in  the 
decomposition  appeared  to  be  some  gas  phase 
decomposition  giving  rise  to  products  observed  as  they 
exit  the  reaction  cell.  Concurrently,  decomposition 
occurs  in  the  solid  phase,  first  forming  the  mononitroso 
analogue  ONTNTA  which  then  decomposes  to  low 
molecular  weight  products.  All  these  products  are 
presumably  trapped  within  the  HMX  particles  initially, 
forming  bubbles  containing  N2O  and  solutions  between 
HMX  and  CH2O  which  could  be  localised  in  the  volumes 
surrounding  the  bubbles.  A  polymeric  product  is  also 
formed  in  the  region  of  the  bubbles  and  itself  undergoes 
a  thermal  decomposition  process  yielding  low  molecular 
weight  products  as  well  as  some  polymeric  residues. 
Eventually,  the  size  of  the  bubbles  and  the  pressure 
within  grow,  leading  to  the  cracking  of  the  HMX 
particles  and  release  of  the  trapped  products. 

There  was  also  clear  experimental  evidence  that  the 
HMX  decomposition  was  an  autocatalytic  process  as 
illustrated  in  the  selected  plots  of  gas  formation  rates 
shown  in  Fig.  4.  The  extent  of  this  autocatalytic  effect 
was  shown  to  be  controlled  by  the  reaction  of  gaseous 
products  with  the  unreacted  HMX,  by  comparing  the 
rates  of  formation  of  products  obtained  with  5  and 
100  mm  exit  orifices  on  the  reaction  cell,  respectively. 
Autocatalysis  was  much  more  pronounced  when  the 
gaseous  products  were  more  confined  in  the  reaction 
cell. 

The  thermal  decomposition  reactions  of  HMX  in 
the  solid  phase  may  also  be  divided  into  four  groups  of 
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Figure  5.  Summary  of  the  proposed  reaction  pathways  controlling  the  thermal  decomposition  of  HMX  in  the 
solid  phase.  In  this  scheme,  ‘methylenenitramine’  [ CH2=N-NOz 3  is  merely  assumed  intermediate 
which  was  actually  not  detected  in  the  mass  spectrometer. 


reactions  for  simplification,  constituting  four  pathways 
summarised  in  Fig.  5. 

However,  some  overlap  clearly  exists  between  the 
four  branches  of  the  decomposition.  One  pathway 
proceeds  through  N-N  bond  cleavage  giving  NO2 >  CH2N, 
and  three  methylene  nitramine  intermediates.  In  a  second 
pathway,  an  NO2  group  is  replaced  by  an  NO  group 
forming  the  mononitroso  analogue  of  HMX.  In  a  third 
pathway,  a  hydrogen  atom  transfers  to  the  adjacent  NO2 
group  giving  rise  to  the  observed  deuterium  kinetic 
isotope  effect  and  making  it  a  rate-limiting  step.  A 
detailed  discussion  of  these  reactions  and  a  description 
of  isotope  scrambling  and  deuterium  kinetic  isotope 
effect  studies  is  given  in  Refs.  17  and  18. 

3.4  HMX  Decomposition  in  the  Liquid  Phase 

Comparison  of  the  liquid  phase  decomposition  of 
HMX  with  that  of  RDX  will  show  whether 
decomposition  pathways  similar  to  RDX  control  the 
decomposition  of  HMX  or  whether  the  higher  melting 
point  of  HMX  and  its  decomposition  in  the  solid  phase 
prior  to  melting  alter  its  decomposition  mechanism.  The 
liquid  phase  decomposition  products  from  HMX 
observed  in  our  experiments  include  H2O ,  HCN,  CO, 
CH2O,  NO,  N2O,  NO2,  formamide,  N -  methylformamide 
(NMFA),  //, //-dimethylformamide,  and  ONTNTA 


(Fig.  5).  In  addition,  we  observe  ion  signals  at  m/z 
values  of  70  and  97.  Experiments  with  2H ,  13C  and  lsN 
isotopically  labeled  HMX  analogues  have  shown  that  the 
ion  signals  at  these  two  m/z  values  correspond  to  ions 
with  formulae  of  C2N2H2O  (70)  and  C3N3H3O  (97).  For 
RDX,  the  ion  signals  at  m/z  values  of  70  and  97  both 
arise  from  the  decomposition  product,  OST.  However, 
for  HMX,  differences  in  the  relative  intensities  of  these 
two  ions,  in  addition  to  differences  in  their  temporal 
behaviour  in  the  HMX  experiments,  indicate  that  they 
arise  from  two  different  decomposition  products.  These 
ion  signals  clearly  arise  from  thermal  decomposition 
products  that  are  similar  to  the  OST  formed  during  the 
decomposition  of  RDX.  However,  without  time-of-flight 
(TOF)  velocity-spectra  measurements  of  these  ion 
signals,  it  is  not  possible  to  determine  whether  the 
observed  ion  signals  correspond  to  molecular  ions,  and 
thus  have  the  same  formula  as  the  thermal 
decomposition  products,  or  whether  they  are  from 
daughter  ions  formed  from  a  decomposition  product  with 
a  higher  molecular  weight.  In  either  case,  the  ion  signals 
at  m/z  values  of  70  and  97  are  associated  with  fragments 
from  the  HMX  ring  formed  in  a  manner  similar  to 
reaction  pathway  PI  for  the  RDX  decomposition 
(Fig.  2). 

The  results  shown  for  the  decomposition  of  HMX 
in  Fig.  6  are  consistent  with  the  four  decomposition 
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Figure  6.  Ion  signals  associated  with  various  thermal 
decomposition  products  formed  during' the 
decomposition  of  HMX  as  the  sample  melts.  The 
sample  melts  at  276  °C.  The  signals  associated 
with  the  thermal  decomposition  fragments  of  the 
ring  (panel  b)  only  appear  in  significant 
quantities  as  the  sample  melts.  Other  products 
associated  with  this  pathway  are  indicated  by  the 
vertical  arrow  on  the  left.  After  the  sample  melts, 
a  second  set  of  products  that  peak  later  in  the 
decomposition  is  observed, as  indicated  by  the 
arrow  on  the  right.  These  products  are 
associated  with  the  amides,  such  as  the 
W-methylform amide.  The  heating  rate  was 
2  °C/min. 

pathways  found  for  the  decomposition  of  RDX  (Fig.  2). 
A  reaction  pathway  similar  to  reaction  pathway  PI  for 
RDX  produces  the  HMX-ring  fragments  that  are 
characterised  by  the  ion  signals  at  m/z  values  of  70  and 
97  shown  in  Panel  b  of  Fig.  6.  These  two  ion  signals  first 
appear  when  the  HMX  sample  liquefies  at  approximately 
276  °C  and  their  signal  strengths  decrease  as  the  HMX 
sample  is  depleted.  This  behaviour  is  similar  to  that 
observed  for  OST  formed  in  the  decomposition  of  RDX. 
The  temporal  behaviour  of  the  ion  signals  formed  from 
the  mononitroso  analogue  of  HMX,  ONTNTA,  (shown 
in  Panel  c  of  Fig.  6)  is  similar  to  the  temporal  behaviour 
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Figure  7.  Gas  formation  rates  of  decomposition  products 
from  the  thermal  decomposition  of  ONDNTA  In 
a  reaction  cell  with  a  50  pm  orifice  at  Isothermal 
temperatures  of  115  °C  and  175  °C. 

of  ONDNTA  observed  in  the  liquid-phase  RDX 
decomposition.  One  significant  difference  is  that  a  much 
larger  amount  of  ONTNTA  is  released  from  the  HMX 
sample  before  it  liquefies.  As  can  be  seen  from  Fig.  6, 
the  size  of  the  ion  signal  associated  with  the  ONTNTA 
product  does  not  show  a  significant  increase  as  the 
sample  liquefies.  This  indicates  that  the  decomposition 
of  HMX  to  its  mononitroso  analogue  is  a  major 
decomposition  pathway  in  the  solid  phase.  This  is 
similar  to  the  decomposition  of  RDX  in  the  solid  phase, 
except  that  at  the  higher  temperatures  associated  with 
the  decomposition  of  HMX,  the  reaction  rate  for  the 
formation  of  ONTNTA  is  greater  and  a  larger  fraction  of 
the  HMX  sample  has  decomposed  via,  a  reaction 
pathway  similar  to  pathway  P3  prior  to  the  liquefaction 
of  the  HMX  sample.  The  temporal  behaviour  of  the  ion 


353 


DEF  SCI  J.  VOL  46,  NO  5,  NOVEMBER  1996 


signals  associated  with  the  CH20  and  NiO  formed 
during  the  decomposition  of  HMX  after  its  liquefaction, 
have  the  same  broad  type  of  peaks  that  were  observed 
for  these  products  in  the  decomposition  of  RDX.  Both 
the  ion  signals  associated  with  these  products  show  a 
rapid  increase  as  the  HMX  liquefies.  The  CH20  and  N20 
formed  later  in  the  decomposition  appear  to  be 
correlated  with  the  ONTNTA  product  and  they  also 
display  a  temporal  behavior  that  is  characteristic  of  an 
autocatalytic  decomposition  channel  similar  to  pathway 
P4  for  RDX. 

The  initial  increase  in  the  CH20  and  N2O  signals 
after  the  HMX  sample  liquefies  is  also  similar  to  that 
observed  in  the  decomposition  of  RDX  and  associated 
with  decomposition  via,  reaction  pathway  P2.  From  the 
relative  sizes  of  the  ion  signals  associated  with  the  CH2O 
and  N20  products  and  those  associated  with  the  HMX 
ring  fragment  ion  signals  at  m/z  values  of  70  and  97 
would  suggest  that  the  amount  of  HMX  that  decomposes 
by  a  pathway  similar  to  P2  compared  to  pathway  PI  is 
greater  for  HMX  than  for  RDX.  In  the  light  of  the  fact 
that  the  decomposition  of  HMX  Occurs  at  a  temperature 
about  70  °C  greater  than  RDX,  the  behavior  of  CH2O 
and  N2O  tends  to  suggest  that  reaction  pathway  P2  may 
become  more  dominant  than  reaction  pathway  PI  at 
higher  temperatures.  However,  it  is  also  possible  that  the 
increase  of  the  CH20  and  N20  signals  after  the  HMX 
sample  liquefies  is  due  to  an  increase  in  the  decom¬ 
position  rate  of  ONTNTA,  formed  in  the  solid-phase 
decomposition.  Without  further  quantification  of  the 
HMX  results,  it  is  not  possible  at  this  time  to  determine 
exact  relative  decomposition  rates  of  the  various  HMX 
decomposition  products 

4.  THERMAL  DECOMPOSITION  OF 

NITRAM1NES  (III)  to  (VIII) 

4.1  ONDNTA  (III)  Decomposition 

ONDNTA,  the  intermediate  in  RDX  decomposition, 
was  independently  synthesised25  to  study  its  decom¬ 
position21  separately.  This  nitramine  uniquely 
decomposes  in  two  separate  temperature  regions 
sequentially,  one  between  95  and  145  °C  and  the  other 
between  155  and  210  °C.  An  illustration  of  this 
behaviour  is  shown  in  Fig.  7  for  the  decomposition  of 
ONDNTA  in  a  reaction  cell  with  a  50  mm  diameter 
orifice  and  held  at  two  different  isothermal  temperatures. 
The  major  decomposition  products  are  N20,  CH20, 
COIN2  and  NO2  and  the  minor  ones  include  several 


formamides  and  dimethylnitrosamine,  (CHD2NNO.  The 
products  obtained  from  both  regions  are  very  similar  to 
those  obtained  from  the  decomposition  of  HMX  and 
RDX  in  the  solid  phase  with  some  variation  between  the 
two  channels  of  decomposition.  It  is  not  understood  why 
the  decomposition  stops  in  the  intermediate  temperature 
region.  However,  it  is  surmised  that  in  this  temperature 
region  there  is  a  competition  between  two  processes. 
One  is  an  autocatalytic  process  in  which  gas-phase 
decomposition  products  accelerate  the  decomposition 
process  and  the  second  is  some  undetectable  phase 
transition  that  leads  to  a  more  stable  phase  of  ONDNTA 
that  is  not  susceptible  to  autocatalysis.  In  support  of  this 
conclusion,  comparison  of  the  decomposition  of 
ONDNTA  in  experiments  conducted  in  the  reaction  cell 
with  5  mm  and  50  mm  diameter  orifices,  respectively, 
showed  that  the  decomposition  occurs  100  times  more 
rapidly  with  the  5  mm  orifice  arid  that  the  entire  sample 
is  consumed  in  the  low  temperature  channel,  presumably 
due  to  the  autocatalysis  by  the  products. 

The  behaviour  of  the  decomposition  process  of 
ONDNTA  under  high  confinement  is  illustrated  by  the 
data  in  Fig.  8.  The  temporal  behaviour  of  the  rates  of 
formation  of  the  gaseous  products  is  characterized  by 
two  regions.  The  first  region  starts  at  approximately 
110  °C  and  peaks  at  125  °C.  The  second  region  starts  at 
approximately  140  °C  and  peaks  at  145  °C.  A  similar 
temporal  behaviour  in  the  two  regions  was  observed 
during  the  decomposition  of  ONDNTA  at  isothermal 
temperatures  in  the  110  to  150  °C  range.  Thus,  it  appears 
that  the  observed  gaseous  thermal  decomposition 
products  are  formed  in  a  series  of  steps  and  it  is  not 
necessary  to  increase  the  temperature  as  was  done  in  the 
experiment  shown  in  Fig.  8.  The  first  step  in  the  process 
leads  to  the  release  of  CO/N2  and  NO2  as  can  be  seen 
from  the  ion  signals  in  Fig.  8b.  These  two  signals  rise 
and  fall  sharply.  The  N20  and  CH2O  signals  also  rise 
sharply  but  decline  much  riiore  gradually.  At  140  °C, 
after  approximately  70  per  cent  of  the  sample  has 
decomposed,  there  is  a  rapid  rise  in  the  rate  of  formation 
of  a  new  set  of  decomposition  products  as  seen  in 
Fig.  8c  and  8d.  These  products  include  HiO, 
jV-methylformamide,  N.ALdimethylformamide  and 
dimethylnitrosamine.  After  the  sample  stops  losing 
gaseous  products,  between  5  and  10  per  cent  of  the 
sample  remains  as  a  residue. 

These  results  indicate  that  as  ONDNTA 
decomposes,  it  gives  gaseous  products  as  well  as  a 
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Figure  8.  Ion  signals  in  the  mass  spectrometer  from  thermal  decomposition 
products  of  ONDNTA  under  conditions  of  high  confinement.  The 
heating  rate  was  2°C/min. 


non-volatile  compound  (possibly  polymeric)  that  is 
relatively  stable.  The  first  step  in  the  process  is  likely  to 
be  scission  of  the  N-NO2  bond  as  evidenced  by  the  NO2 
signal,  followed  immediately  by  loss  of  COIN2 *  N2O  and 
CH2O  as  indicated  by  the  simultaneous  rapid  rise  in 
these  signals.  Two  different  explanations  are  possible  for 
the  sharper  decrease  in  the  CO/N2  and  NO2  signals 
compared  to  the  N2O  and  CH2  signals.  The  first  one  is 
that  the  ONDNTA  sample  is  rapidly  converted  to  a 
nonvolatile  product  (the  rate  of  conversion  is 
characterized  by  the  NO2  or  CO/N2  signals)  that  then 
undergoes  a  slower  decomposition  to  form  N2O  and 
CH2O.  The  second  possible  explanation  is  that  the 
nonvolatile  decomposition  product  interacts  with  the 
remaining  ONDNTA,  thus  providing  another 
decomposition  pathway  that  leads  to  the  release  of  N2O 
and  CH2O .  The  fact  that  there  is  an  abrupt  appearance 
of  a  new  set  of  decomposition  products  later  in  the 
process  suggests  that  the  first  explanation  is  more  likely. 
This  is  because  the  abrupt  appearance  of  the  new 
products  occurs  in  both  the  thermal  ramp  and  isothermal 
experiments.  It  suggests  that  the  nonvolatile  product 
formed  in  the  initial  decomposition  of  ONDNTA  itself 
decomposes,  releasing  N2O  and  CH2O  until  it  reaches  a 


point  at  which  the  nonvolatile  product  becomes 
sufficiently  unstable  that  it  starts  to  decompose  more 
rapidly  into  water,  dimethylnitrosamine  and  the 
formamides.-  This  process  is  quite  consistent  with  the 
observed  data.  A  discussion  of  details  of  this  process  will 
be  presented  in  a  future  paper. 

The  similarities  between  the  products  and  their 
sequence  of  formation  in  the  thermal  decomposition  of 
ONDNTA  under  high  confinement  conditions  and  the 
products  observed  in  the  decomposition  of  HMX  in  the 
solid  phase  are  quite  striking.  Firstly,  the  major  products 
formed  in  the  decomposition  are  the  same,  namely  N20, 
CH2O  and  CO/N2*  Secondly,  the  products  that  originate 
from  the  decomposition  of  the  nonvolatile  product 
formed  in  the  decomposition  of  ONDNTA  are  the  same 
as  those  observed  in  the  decomposition  of  HMX  in  the 
solid  phase  [ H2O ,  (CftWNO,  CH3NHCHO,  and 
(CH3)2NCHO).  Thirdly,  a  stable  residue  remains  after 
the  decomposition  of  both  the  materials. 

4.2  Thermal  Decomposition  of  TNCHP 

.  1 ,3 ,5-Trinitro-l  ,3,5-triaza-cycloheptane  (TNCHP) 
is  a  cyclic  nitramine  like  RDX  with  an  extra  carbon  atom 
in  the  ring.  TNCHP  is  more  stable  in  the  liquid  phase 
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TEMPERATURE  (°C) 


Figure  9.  Ion  signals  associated  with  the  products  formed 
heating  rate  is  2°  C /  min. 

than  either  RDX  or  HMX.  The  major  products  formed  in 
its  decomposition  are  CH2O  and  N2O.  Products  formed 
to  a  lesser  extent  include:  H20t  HCN,  NO  and  Ion 
'signals,  representing  other  decomposition  products,  are 
also  observed.  Further  measurements  utilizing  deuterium 
labeled  TNCHP  and  TOF  velocity  spectra  are  underway 
to  determine  the  identity  of  the  thermal  decomposition 
products  leading  to  these  other  ion  signals.  The  temporal 
behaviour  of  the  major  ion  signals  is  shown  in  Fig.  9. 
These  results  illustrate  the  increased  thermal  stability  of 
TNCHP  in  the  liquid  phase  as  compared  to  RDX.  The 
ion  signal  at  m/z  =  146  is  analogous  to  the  ion  signal  at 
m/z  =  132  that  arises  from  ONDNTA.  Thus,  the  ion 
signal  at  m/z  =146  most  likely  belongs  to’the 
mononitroso  analogue  of  TNCHP. 

In  isothermal  experiments  with  TNCHP,  the 
temporal  behaviour  of  the  ion  signals  associated  with  the 
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during  the  thermal  decomposition  of  TNCHP.  The 

decomposition  products  from  TNCHP  is  indicative  of 
several  parallel  reaction  pathways.  The  temporal 
behaviour  of  several  of  the  products  is  illustrated  in 
Fig.  10.  Ion  signals  associated  with  processes  that  are 
approximately  ‘first  order’  in  TNCHP  are  represented  by 
the  signals  for  NO  and  NO2  in  Fig.  6  and  also  include 
signals  that  represent  HCN .  Ion  signals  associated  with 
intermediate  products  formed  during  the  thermal 
decomposition  are  found  at  m/z  values  of  55,  84,  130, 
and  146.  The  ion  signals  at  m/z  values  of  55,  84  and  130 
have  temporal  behaviour  similar  to  that  of  the  signal  at 
m/z  =  146,  which  probably  represents  the  mononitroso 
analogue  of  TNCHP.  This  suggests  that  the  ion  signals 
at  m/z  values  of  55,  84  and  130  may  be  ion  dissociation 
products  of  the  TNCHP  mononitroso  analogue.  TOF 
velocity  spectra  signals  at  these  m/z  values  will  resolve 


Figure  10.  Ion  signals  associated  with  the  thermal  decomposition  products  from  TNCHP.  The  region  in  the  left  shaded 
panel  is  the  beating  portion  and  the  right  shaded  panel  is  the  isothermal  portion  of  the  experiment.  The  ion 
signals  representing  NO  and  NO2  appear  to  be  approximately  ‘first  order’  in  liquid  phase  TNCHP.  The  ion 
signals  at  m/z  values  of  130  and  146  are  associated  with  an  intermediate  formed  during  the  thermal 
decomposition.  The  ion  signals  associated  with  CHjO  and  N2O  probably  originate  from  pathways  associated 
with  both  the  ‘first  order’  process  and  the  decomposition  of  the  intermediate. 
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TEMPERATURE- fb)  TEMPERATURE  <°C) 

Figure  11.  Ion  signals  formed  in  the  mass  spectrometer  from  products  of  thermal  decomposition  of  K6. 

whether  these  signals  are  ion  dissociation  products  simpler  decomposition  products.  The  decomposition 

formed  in  the  mass  spectrometer  or  whether  they  arise  products  are  mainly  CH2O,  N2O  and  CO2,  with  minor 

from  additional  thermal  decomposition  products.  coritributions  from  HCN,  CO,  NO  and  N02- 

A  stable  product,  similar  to  OST  in  the  Unlike  the  other  cyclic  nitramines  used  in  this 

decomposition  of  RDX,  was  not  observed  in  the  thermal  study,  K6  does  not  form  any  amides,  the  mononitroso 

decomposition  of  TNCHP.  This  inability  to  form  a  analogue,  or  a  residue.  The  temporal  behaviour  of  the 

decomposition  product  by  stabilizing  the  ring  of  the  products  formed  during  the  decomposition  of  K6  is 

cyclic  nitramine  may  be  responsible  for  the  increased  shown  in  Fig.  11. 

thermal  stability  of  TNCHP.  The  decomposition  of  K6  (VII)  may  have  been 

initiated  by  attack  of  one  of  the  NOi  oxygen  atoms  on 
4.3  Thermal  Decomposition  of  the  Nitramine,  K6  the  keto  group  carbon  atom,  leading  to  the  initial 

The  decomposition  of  K6  is  quite  different  from  the  elimination  of  CO2  followed  by  rapid  transformation  of 

other  cyclic  nitramines  used  in  this  study.  In  addition  to  the  remaining  fragment  into  CH2O  and  N2O.  The  rate  of 

its  lower  thermal  stability,  K6  also  produces  fewer  and  decomposition  of  K6  through  this  initial  four-centre 


TEMPERATURE  (°C) 

Figure  12.  Temporal  behaviour  of  the  products  formed  during  the  thermal  decomposition  of  TNAZ-l,5iV(?2. 


357 


DEF  SCI  J,  VOL  46,  NO  5,  NOVEMBER  1996 


C-N-N-0  complex  would  appear  to  be  competitive  with 
N-NO2  bond  breaking  in  that  no  mononitroso  analogue 
or  amide  products  were  observed.  A  more  detailed 
investigation  of  K6  is  currently  in  progress. 

4.4  Thermal  Decomposition  of  the  Nitramines, 

DNCP  (V)  &  DNCHX  (VI) 

l,3-Dinitro-l,3-diaza-cyclopentane  (DNCP)  and 
l,4-dinitro-l,4-diaza-cyclohexane  (DNCHX)  are  two 
nitramines  with  5-  and  6-  membered  rings,  respectively. 
Only  preliminary  details  of  their  decompositions  are 
available  at  present.  They  exhibit  multiple  reaction 
pathways  like  RDX  and  HMX,  including  the  formation 
of  the  mononitroso  analogues22.  DNCP  is  thermally 
much  more  stable  in  the  molten  state  as  compared  to 
RDX  and  HMX  while  DNCHX  (VI)  begins  to 
decompose  in  the  solid  state  similar  to  the  case  of  HMX. 
DNCP  is  exceptional  in  that  it  does  not  give  rise  to  the 
typical  nitramine  decomposition  products,  CH2O  and 
N2O.  Further  work  on  the  decomposition  mechanism  of 
these  nitramines  is  in  progress. 

4.5  Thermal  Decomposition  of  TNAZ  (VIII) 

The  last  nitramine  in  Fig.  1  that  is  being 
investigated23,  is  1,3,3-trinitro-azetidine  (TNAZ)  (VIII). 
This  is  currently  under  development  as  a  castable 
explosive  because  of  its  low  melting  point  (100  °C)  and 
unusual  thermal  stability  in  its  molten  state.  It  is  an 
interesting  molecule  in  that  it  combines  a  nitramine  and 
a  gem-dinitro  [C-(N02)2]  functional  groups.  In  fact, 
there  is  a  separate  paper32  which  gives  further  details 
of  its  decomposition  than  what  is  given  here.  Briefly,  the 
major  products  formed  are  VO2,  NO ,  H20t  HCNt  CO/N2 , 
CO2,  and  NDNAZ  (l-nitroso-3,  3-dinitroazetidine). 
Hardly  any  N2O  and  CH2O  have  been  detected  unlike  in 
the  case  of  the  products  of  RDX  and  HMX.  This  study 
has  shown  that,  in  common  with  RDX  and  HMX,  the 
nitroso  analogue,  NDNAZ,  plays  an  important  role  as  an 
intermediate  in  the  decomposition  of  TNAZ.  The 
temporal  correlations  of  the  decomposition  products 
from  TNAZ-1-15V02,  shown  in  Fig.  12  suggest  a 
different  evolution  sequence  of  product  groups  and  at 
least  four  different  reaction  pathways.  As  an  example, 
the  rate  of  formation  of  NO2  increases  first  followed  by 
a  rise  in  the  rate  of  formation  of  NO  and  finally,  a  rise 
in  the  rate  of  formation  of  NDNAZ.  This  observation 
supports  the  previous  conclusion  that  the  nitroso 
analogue  is  formed  by  an  initial  cleavage  of  the  N-NO2 
bond  followed  by  the  re-attachment  of  NO  to  the  ring,  as 


in  the  case  of  RDX  and  HMX.  Decomposition  of  this 
sample  labeled  with  l5N02  in  the  nitramine  group, 
showed  that  NO2  originates  from  both  the  nitramine  and 
the  gem-dinitro  groups  in  the  molecule  but  that  the 
severance  of  NO2  from  the  nitramine  group  precedes  that 
from  the  C-(NOi)2  group.  This  can  be  seen  clearly  in 
Fig.  12.  As  a  consequence,  the  ion  signals  of  15VO  and 
15N-NDNAZ  are  also  temporally  ahead  of  those  from  the 
unlabeled  ones  which  originate  from  the  C-NO2  groups. 

5.  CONCLUSION 

The  comparison  of  the  eight  nitramine 
decompositions  studied  thus  far  reveals  that  the  pathway 
proceeding  through  the  formation  of  the  nitroso 
analogue  is  of  paramount  importance  in  RDX  and  HMX 
and  also  seems  to  be  significant  in  the  thermal 
decompositions  of  four  other  nitramines  (IV,  V,  VI  and 
VIII).  It  is  not  yet  known  whether  the  cleavage  and 
reformation  of  N-NO  bond  seen  in  RDX  and  HMX  is 
general  to  all  nitramines  since  this  determination 
preferably  requires  synthesis  of  all  the  nitramines 
labeled  with  nitrogen- 15.  In  at  least  three  nitramines 
studied  (V,  VI  and  VIII)  the  decomposition  products 
commonly  observed  from  nitramines,  namely,  CH2O  and 
NO2 ,  are  not  formed  or  are  formed  only  in  very  minute 
amounts  among  the  products.  The  implications  of  these 
differences  and  similarities  among  several  nitramines  are 
being  explored  and  investigated  further.  Thus,  this  initial 
comparative  study  has  provided,  for  the  first  time,  a 
basis  for  the  study  of  structure  and  stability/sensitivity 
correlations  within  the  class  of  nitramines,  which  is  the 
goal  of  these  studies  in  the  search  for  materials  superior 
to  RDX  or  HMX  in  overall  performance.  On  the  basis  of 
available  evidence,  it  appears  that  TNCHP  is 
considerably  less  sensitive  than  RDX  with  only  a  slight 
trade-off  in  energy  output  and  it  is  relatively  stable  in 
the  molten  state.  It  thus  exhibits  a  potential  to  be  a  new 
useful  nitramine  with  valuable  applications. 
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ABSTRACT 

The  initial  results  from  a  study  of  the  thermal  decomposition  of  TNAZ  and  TNAZ-1  -l5N02  using 
the  simultaneous  thermogravimetric  modulated  beam  mass  spectrometry  (STMBMS)  technique  are 
presented.  The  major  products  formed  in  the  decomposition  of  TNAZ  are  NOi  and  NO  with  slightly  lesser 
amounts  of  H20 ,  HCN ,  CO/Ni,  CO2JN2Q  and  l-nitroso-3,3-dinitroazetidine  (NDNAZ).  The  last 
mentioned  product  (NDNAZ)  is  shown  to  be  an  important  intermediate  in  the  decomposition  of  TNAZ 
and  its  decomposition  has  also  been  examined  by  synthesizing  it  independently.  Major  products  formed 
in  this  decomposition  of  NDNAZ  are  NO  with  smaller  amounts  of  H2O,  HCN ,  CO/Ni  and  CO2JN2O .  The 
temporal  behaviours  of  the  ion  signals  associated  with  the  various  thermal  decomposition  products  from 
TNAZ,  TNAZ-l-l5iV02  and  NDNAZ  are  also  presented.  They  illustrate  the  evolution  sequence  of  the 
various  products  that  are  associated  with  the  different  reaction  pathways  that  control  the  decomposition 
of  these  materials.  In  particular,  the  study  of  the  l5N-labeled  sample  revealed  that  N02  originates  from 
both  the  likely  sites  in  the  TNAZ  molecule  and  that  the  cleavage  of  the  nitramine-W02  group  precedes 
that  of  the  C-NO2  cleavage,  resulting  in  similar  sequences  in  the  formation  of  NO  and  NDNAZ  also. 


1.  INTRODUCTION 

TNAZ  (1,3,3-trinitroazetidine),  (I)  is  a  relatively, 
new  energetic  material1  with  a  strained  four  membered 
ring  and  a  gem-dinitro  group  in  it.  Because  of  its 
relatively  low  m.p.  (101  °C)  it  is  melt-castable  using 
steam  and  is  considered  to  be  a  useful  explosive  with 
valuable  applications.  Also,  TNAZ  and  mixtures  of 
TNAZ  and  NDNAZ  (l-nitroso-3,3-dinitro-azetidine),  (II) 
are  new  energetic  materials  with  high  energy  contents 
which  are  considered  as  possible  replacements  for  HMX 
and  TNT.  Understanding  the  thermal  decomposition 


reactions  of  these  materials  is,  therefore,  important  for 
developing  models  of  their  combustion  behaviour  and 
their  response  in  abnormal  environments.  Compared  to 
thermal  decomposition  studies  of  the  well  known  cyclic 
nitramines,  RDX  and  HMX,  studies  of  TNAZ  have  been 
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*  * 


Two  previous  studies  of  TNAZ  have  utilized 
rapid-scan  Fourier  transform  infrared  (RSFTIR)2 
technique  in  the  condensed  phase  and  infrared 
multiphoton  dissociation  (IRMPD)3  measurements  in  the 
gas  phase,  to  probe  the  decomposition  processes.  In  the 
RSFTIR  study,  based  on  identification  of  the  lower 
molecular  weight  products  (i.e.,  NO2 ,  HONO ,  NO)  a 
mechanism  consisting  of  cleavage  of  an  NO2  group  at 
either  of  the  C-NO2  or  N-NO2  sites,  elimination  of  HNO2 
and  a  nitro-nitrite  rearrangement  of  the  C-NO2  groups 
was  proposed  for  the  decomposition  of  TNAZ.  An 
uncertainty  in  this  mechanism  centers  on  whether  the 
NO2  evolves  from  the  nitramine  group,  the  gem-dinitro 
group  or  both.  Another  uncertainty  was  whether  the 
nitro-nitrite  rearrangement  occurs  as  postulated,  in  the 
condensed  phase  decomposition. 

In  the  unimolecular  decomposition  of  TNAZ  in 
the  molecular  beam  IRMPD  experiments,  the  results 
obtained  led  to  the  proposal  of  a  mechanism  in  which  the 
initial  step  was  the  loss  of  NO2 ,  followed  by  opening  of 
the  ring,  subsequent  loss  of  another  NO2  group  and  then 
fragmentation  of  the  ring  into  N2O2  and  C3H4.  As  in  the 
RSFTIR  measurements,  there  is  still  an  uncertainty  as  to 
whether  the  original  NO2  loss  was  from  the  nitramine  or 
gem-dinitro  group.  However,  a  loss  of  NO2  as  an  initial 
step  in  the  unimolecular  decomposition  process  is  clear 
from  these  results.3 

To  develop  a  reasonable  model  to  characterise  the 
combustion  behaviour  of  TNAZ,  it  is  necessary  to 
characterise  the  global  reaction  processes  that  control  its 
decomposition  behaviour.  For  example,  it  is  not  clear 
whether  the  first  order  process  as  characterised  by  the 
results  from  the  IRMPD  is  also  the  rate  limiting  process 
in  a  higher  pressure  environment  or  whether  bimolecular 
processes  should  be  included  to  account  for  other 
reaction  pathways.  Furthermore,  the  appearance  of 
HONO  in  the  RSFTIR  measurements,  suggests  that  there 
is  another  pathway  besides  the  C-N02  or  N-NO2  bond 
scission.  In  addition,  our  previous  work  on  three  cyclic 
nitramines  (i.e.,  RDX4,  HMX5  and  l,3,5-trinitro-l,3,5- 
triazacyclo-heptane,  TNCHP)4  suggests  that  formation 
of  a  mono-nitroso  analogue  of  these  compounds  played 
an  important  role  in  the  decomposition.  Whether  a 
similar  process  may  be  occurring  in  the  decomposition 
of  TNAZ,  namely  the  formation  of  the  nitroso  analogue, 
NDNAZ,  is  important  to  determine. 

In  this  paper,  we  present  results  of  the 
decomposition  of  TNAZ  and  NDNAZ  studied  by 


simultaneous  thermogravimetry  and  molecular  beam 
mass  spectrometry  (STMBMS)  measurements  that 
address  the  issues  of  the  reaction  mechanisms  raised 
above,  which  indeed,  may  control  the  decomposition  of 
TNAZ  and  NDNAZ.  We  also  present  the  results  of  the 
decomposition  study  of  TNAZ-1-I5AT02  which  shed  light 
on  the  questions  raised.  The  quantitative  gas  formation 
rates  of  the  decomposition  products  and  the  associated 
reaction  kinetics  are  still  under  investigation. 

2.  EXPERIMENTAL  DETAILS 

2.1  Instrument  Description 

The  simultaneous  thermogravimetric  molecular 
beam  mass  spectrometry  (STMBMS)  apparatus  and  the 
basic  data  analysis  procedure  have  been  described 
previously.7,8  This  apparatus  basically  consists  of  a 
thermobalance,  a  specially  designed  alumina  reaction 
cell  in  which  the  decomposition  is  carried  out  and  a 
quadrupole  mass  spectrometer  with  the  ionisation  source 
vertically  above  the  reaction  cell.  In  the  region  between 
the  reaction  cell  and  the  ionisation  source  are  located  a 
set  of  beam  defining  orifices  and  a  beam-modulating 
wheel.  In  the  experimental  procedure,  a  small  sample 
(-10  mg)  is  placed  in  an  alumina  reaction  cell  that  is 
then  mounted  on  a  thermocouple  probe  which  is  seated 
on  a  microbalance.  The  reaction  cell  is  enclosed  in  a  high 
vacuum  environment  (<  10'6  torr)  and  is  radiatively 
heated  by  a  bifilar-wound  tungsten  wire  on  an  alumina 
tube.  The  molecules  from  the  gaseous  mixture  in  the 
reaction  cell  exit  through  a  small  diameter  orifice  (2.5  to 
970  p  in  these  experiments,  orifice  length  is  25  p)  in  the 
cap  of  the  reaction  cell,  traverse  two  beam-defining 
orifices  before  entering  the  electron-bombardment 
ioniser  of  the  mass  spectrometer  where  the  ions  are 
formed  by  collisions  of  20  eV  electrons  with  the 
different  molecules  in  the  gas  flow. 

A  relatively  low  electron  energy  of  20  eV 
(compared  to  70  eV  used  on  normal  mass  spectrometry 
measurements)  is  used  to  reduce  the  extent  of 
fragmentation  of  the  higher  molecular  weight  ions  and 
thus,  limit  their  contribution  to  ion  signals  measured  at 
lower  m/z  values  that  are  associated  with  the  thermal 
decomposition  products.  The  background  pressures  in 
the  vacuum  chambers  are  sufficiently  low  to  eliminate 
significant  scattering  between  molecules  from  the 
reaction  cell  and  background  molecules  in  the  vacuum 
chambers.  Different  m/z  value  ions  are  selected  with  a 
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quadrupole  mass  filter  and  counted  with  an  ion  counter. 
The  gas  flow  is  modulated  with  a  chopping  wheel  and 
only  the  modulated  ion  signal  is  recorded.  This 
instrument  allows  the  concentration  and  rate  of 
formation  of  each  gas-phase  species  in  the  reaction  cell 
to  be  measured  as  a  function  of  time  by  correlating  the 
ion  signals  at  different  m/z  values  measured  with  the 
mass  spectrometer  with  the  force  measured  by  a 
microbalance  at  any  instant.  The  containment  time  of  gas 
in  the  reaction  cell  is  a  function  of  the  orifice  area,  the 
free  volume  within  the  reaction  cell,  and  the 
characteristics  of  the  flow  of  gas  through  the  orifice.  The 
reaction  cell  used  in  the  experiments  has  been  described 
in  detail  previously*  and  the  cap  in  the  reaction  cell 
which  showed  some  leakage  of  products  other  than  from 
the  orifice,  is  now  sealed  effectively  using  vacuum 
grease  and  an  O-ring  between  the  taper  plug  and  the  gold 


Figure  1.  Ion  signals  representing  the  major  decomposition 
products  from  TNAZ.  The  ion  signals  have  been 
corrected  for  the  evaporation  of  TNAZ.  The  m/z 
values  representing  each  product  are:  TNAZ 
(145),  NDNAZ  (176),  NOi  (46),  C01!N20(44),  NO 
(30),  CO/Ni  (28),  HCN  (27),  CH3CN  (41).  Orifice 
diameter  =  2.5  p,  heating  rate  =  15  #C/min. 


foil  pinhole  orifice.  The  time  constant  for  exhausting  gas 
from  the  cell  is  small  compared  to  the  duration  of  the 
experiments  (>  1000  s).  Note  that  the  containment  time 
of  gas  within  the  reaction  cell  is  short  once  the  gas 
molecules  are  in  the  free  volume  of  the  cell,  but  it  may 
be  much  longer  if  the  gas  is  trapped  in  the  condensed 
phase  of  the  material  within  the  cell.  The  pressure  of  the 
gas  products  within  the  reaction  cell  ranges  from  less 
that  1  torr  for  experiments  with  the  larger  diameter 
orifices  (970  p)  to  greater  than  1000  torr  for  experiments 
with  the  smallest  diameter  orifices  (2.5  p). 

2.2  Sample  Preparation 

The  TNAZ  was  prepared  by  a  previously  described 
method.1  The  15N02-labeled  TNAZ  was  prepared  by 
treating  l-acetyl-3,3-dinitroazetidine  with  Hl5NOi.  The 
NDNAZ  was  obtained  from  M.  Hiskey  (Los  Alamos 
National  Laboratory).  The  samples  were  characterised 
by  NMR  and  IR  measurements.  To  check  whether  any 
impurity  evolved  from  the  sample,  the  sample  was 
evaporated  in  the  STMBMS  apparatus  prior  to 
conducting  the  decomposition  experiments.  The  results 
for  TNAZ  indicate  that  it  was  greater  than  99  per  cent 
pure  and  the  results  for  NDNAZ  indicate  that  there  was 
about  1  per  cent  TNAZ  impurity. 

2.3  Data  Analysis 

The  details  of  the  procedure  for  identifying  the 
pyrolysis  products  by  correlating  the  temporal  behaviour 
of  the  various  ion  signals  measured  with  the  mass 
spectrometer  and  the  analysis  of  time-of-flight  (TOF) 
velocity  spectra  have  been  described  previously.9  The 
latter  technique  allows  one  to  determine  the  neutral 
precursor  of  each  ion  observed  in  the  mass  spectrometer 
and  thus  discriminate  between  true  thermal 
decomposition  products  and  electron  impact-induced 
products  from  evaporating  parent  compound. 

In  this  paper,  we  present  the  qualitative  results  of 
the  decomposition  based  on  the  temporal  behaviour  of 
the  ion  signals  measured  with  the  mass  spectrometer  and 
associated  with  the  various  thermal  decomposition 
products.  Because  these  results  are  qualitative,  strict 
comparison  of  the  ion  signal  intensities  from  one 
experiment  to  another  can  be  misleading.  However, 
quantitative  results  derived  from  these  runs  will  be 
presented  in  a  later  paper. 


363 


DEF  SCI  J,  VOL  46,  NO  5,  NOVEMBER  1996 


3.  RESULTS  &  DISCUSSION 

3.1  Identity  and  Temporal  Behaviour  of  the 

Decomposition  Products  from  TNAZ 

The  two  major  products  observed  in  the 
decomposition  of  TNAZ  are  NO  (mass  spec,  ion 
signal  at  m/z= 30)  and  NO 2  (m/z= 46).  Other  major 
decomposition  products  observed  include:  H2O 
(m/z=  18),  HCN  (m/z=27),  CO/N2  (m/z= 28),  CH3CN 
(m/z-41),  and  NDNAZ  (m/z=  176).  Loss  of  TNAZ  itself 
is  monitored  by  tracking  (m/z=145)  which  is  an 
important  fragment  in  the  mass  spectrum  of  TNAZ 
(Table  1).  Smaller  ion  signals  are  observed  at  a  number 
of  other  m/z  values  which  will  be  described  in  a  later 
publication.  The  temporal  behaviour  of  both  the 
thermogravimetric  analysis  (TGA)  data  and  the  ion 
signals  representing  these  major  products  of  TNAZ 
heated  at  15  °C/min  in  a  reaction  cell  with  a  2.5  p 
diameter  orifice,  are  shown  in  Fig.  1.  A  close 
examination  of  the  data  illustrates  the  processes  that 
occur  during  the  decomposition  of  TNAZ.  Firstly,  TNAZ 
starts  to  evolve  in  significant  quantities  from  the  reaction 
cell  at  approximately  150  °C  as  can  be  seen  from  the 
sample  weight  and  the  ion  signal  associated  with  TNAZ. 
Even  though  TNAZ  has  a  relatively  high  vapour  pressure 
for  an  energetic  material,  its  rate  of  evolution  from  the 
cell  is  limited  due  to  the  small  2.5  p  orifice  diameter 
used  in  these  experiments.  The  ion  signal  associated  with 
TNAZ  increases  with  temperature  as  its  vapour  pressure 


Table  1.  Mass  spectra  of  TNAZ  and  NDNAZ* 


TNAZ 

NDNAZ 

Mass 

Rel.  Intensity 

Mass 

Rel.  Intensity 

<*> 

<%> 

28 

2.1 

27 

1.5 

30 

4.2 

28 

2.9 

41 

7.0 

30 

50.2 

42 

0.6 

41 

1.4 

46 

54.5 

46 

0.7 

53 

1.0 

53 

0.6 

68 

0.7 

54 

0.8 

99 

6.5 

129 

0.6 

100 

1.4 

130 

5.5 

116 

1.1 

176 

29.3 

145 

9.9 

177 

1.5 

146 

6.8  , 

- 

- 

*  Mass  spectra  recorded  using  electron  energy  of  20  eV. 


Figure  2.  Ion  signals  representing  thermal  decomposition 
products  formed  from  TNAZ  heated  to  230  °C  at 
15  °C/min  and  held  there  in  the  reaction  cell  with 
2.5  p  diameter  orifice. 
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Figure  3.  Ion  signals  representing  the  thermal  decomposi¬ 
tion  products  formed  from  TN AZ-1-15M?2 
heated  at  15  °C/min,  in  a  reaction  cell  with  2.5|i 
diameter  orifice.  The  products  and  their  m/z  val¬ 
ues  are:  H20{  18),  HCN&l),  CO{ 28)  CH20( 29), 
NO(  30),  lsNO(  31),  C02( 44), 

tsNNO/HCONHi(4  5 ) ,  NOi(  46),  lsN02( 47), 

C3HjAr304(145),  C3H4N4OS  (176)  and  C3H4l5N- 
#305(177).  The  Ion  signals  have  been  corrected 
for  the  contribution  of  signals  from  evaporating 
TNAZ-1-15#02. 

rises  until  the  TNAZ  in  the  reaction  cell  is  depleted  as 
shown  in  Fig.  1.  Secondly,  examination  of  the  ion  signal 
representing  NO2  shows  that  its  evolution  commences  at 
approximately  140  °C,  reaches  a  peak  at  230  °C  and  then 
decreases.  This  behaviour  is  consistent  with  a  reaction 
that  is  first  order  in  TNAZ  because  the  rate  of 
decomposition  of  TNAZ  to  NO2  increases  with 
temperature  and  then  decreases  as  the  amount  of  TNAZ 
in  the  reaction  cell  decreases.  This  behaviour  also 
indicates  that  TNAZ  is  decomposing  in  both  the  liquid 


Figure  4.  Ion  signals  representing  the  major  decomposition 
products  from  NDNAZ.  The  ion  signals  have 
been  corrected  for  the  evaporation  of  NDNAZ. 
The  m/z  values  representing  each  product  are: 
NDNAZ(176),  HCN( 27),  C0/N2(2S),  NO( 30), 
#02(46),  and  C02 /  N20  (44).  Reaction  cell  orifice 
diameter,  2.5p  ;  heating  rate,  15  °C/min. 

and  gas  phases  since  the  rate  of  NO2  formation  is 
proportional  to  the  total  amount  of  TNAZ  in  the  cell  and 
not  just  the  amount  of  TNAZ  in  the  gas  phase  (which 
continues  to  increase  until  it  nears  depletion).  Thirdly, 
the  evolution  of  the  signals  at  m/z  values  44  (CO2),  176 
(NDNAZ),  30  (NO),  28  (CO  or  #2 ),  27  (HCN)  and  41 
(CH3CN)  continues  beyond  the  temperatures  (and  times) 
corresponding  to  the  evolution  of  NO2  and  also  TNAZ 
itself.  This  indicates  that  another  reaction  pathway 
competes  with  the  direct  decomposition  of  TNAZ  to  NO2 
and  other  low  molecular  weight  gas  phase  products,  as 
observed  in  the  RSFTIR  and  IRMPD  experiments. 

The  formation  of  the  mononitroso  analogue  of 
TNAZ,  namely  NDNAZ,  in  the  decomposition  of  TNAZ 
appears  to  be  the  other  major  reaction  pathway  as  will 
be  shown  in  the  following  discussions.  Formation  of  the 
nitrosamine  (N-NO)  from  the  nitramine  (N-NO2)  group 
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is  shown  to  play  an  important  role  in  controlling  the 
decomposition  pathway  similar  to  the  other  cyclic 
nitramines  (i.e.,  RDX,  HMX  and  TNCHP). 
Decomposition  through  the  mononitroso  intermediate  is 
consistent  with  several  of  the  features  of  the  data  shown 
in  Fig.  i.  For  example,  NDNAZ  first  appears  at  about 
200  °C  and  increases  as  the  amount  of  NO  increases, 
suggesting  that  NO  reacts  with  TNAZ  to  form  NDNAZ. 
The  fact  that  the  NDNAZ  signal  decreases  as  the  amount 
of  TNAZ  decreases  is  also  consistent  with  a  direct 
reaction  with  NO.  The  increase  in  the  NDNAZ  signal  as 
the  TNAZ  in  the  cell  nears  depletion  is  consistent  with 
an  increasing  mole  fraction  of  NDNAZ  in  the  liquid 
phase  and  the  resulting  increase  in  its  partial  pressure  in 
the  reaction  cell.  Finally,  evolution  of  CO2IN2O,  NO , 
HCN  and  CO/Ni  after  the  depletion  of  TNAZ  suggests 
that  they  are  the  thermal  decomposition  products  from 
NDNAZ. 

The  results  from  an  isothermal  decomposition 
experiment  with  TNAZ  also  support  a  reaction 
mechanism  consisting  of  parallel  reaction  pathways. 
These  results  at  230  °C  are  shown  in  Fig.  2.  The  m/z 
values  representing  each  decomposition  product  are: 
TNAZ  (145),  NDNAZ  (176),  NOi  (46),  NO  (30), 
COIN2/C2HA  (28),  HCN  (27),  CmCN  (41).  The  ion 
signals  have  been  corrected  for  the  contribution  of  signal 
from  evaporating  TNAZ.  NO2  is  an  abundant 
decomposition  product  and  its  rate  of  formation  falls  as 
the  amount  of  TNAZ  falls.  However,  the  ion  signal 
associated  with  NO2  (m/z=46)  does  not  fall  as  rapidly  as 
the  ion  signals  associated  with  H2O  and  HCN .  This 
suggests  that  H2O  and  HCN  originate  from  reactions 
associated  with  a  decomposition  reaction  that  is  first 
order  in  the  total  TNAZ  in  the  reaction  cell  (both 
phases),  whereas,  NO2  may  originate  from  more  than 
one  source.  The  formation  of  NDNAZ  from  TNAZ  is 
also  clearly  illustrated  in  Fig.  2.  First  an  increase  in  the 
rate  of  formation  of  NO2  is  observed,  followed  by  a  rise 
in  the  rate  of  formation  of  NO  and  finally  a  rise  in  the 
rate  of  formation  of  NDNAZ.  This  is  reminiscent  of  the 
RDX  decomposition3  in  which  NO2  is  replaced  by  NO 
to  form  the  nitrosamine,  ONDNTA.  The  behaviour  of 
NO2,  NO  and  NDNAZ  from  TNAZ  is,  therefore, 
consistent  with  a  mechanism  analogous  to  the  one  that 
gives  ONDNTA  from  RDX.  This  suggests  that  the 
nitramine  NO2  group  is  replaced  by  NO  in  TNAZ  also  to 
form  the  nitrosamine  analogue,  as  in  the  case  of  RDX. 


3.2  Thermal  Decomposition  of  TNAZ-l-15iV02 

Figure  3  presents  the  ion  signals  obtained  from  the 
decomposition  of  TNAZ-1-15AT02  heated  at  15  °C/min. 
The  most  interesting  differences  between  these  signals 
and  those  obtained  from  unlabelled  TNAZ  (Fig.  1)  are 
first,  the  appearance  of  both  XSN02  and  NO2  signals 
which  are  of  nearly  equal  intensity  and  uncorrelated. 
Likewise,  there  are  separate  signals  each  for  X5NO/NO 
and  15W-NDNAZ/NDNAZ,  also  uncorrelated  and  of 
equal  intensity.  This  clearly  suggests  that  NO2  is  formed 
from  both  the  possible  sites  in  the  TNAZ  molecule, 
namely,  the  nitramine  group  and  the  gem-dinitro  group, 
but  the  former  precedes  the  other  significantly  earlier. 
However,  the  time  lags  between  the  1  ^-labelled  and 
unlabelled  species  of  NO  and  NDNAZ  are  much  smaller 
than  for  N02-  The  thermal  decomposition  product,  m/z 
=  145  (193-  48)  presumably  derives  from  elimination  of 
Hl5N02  exclusively  from  the  nitramine  function  and  an 
adjacent  H  but  not  from  the  C-NO2  function  analogous 
to  the  previous  nitramines  studied.  The  earlier 
conclusion  that  the  nitroso-DNAZ  is  derived  by  a 
reattachment  of  l5NO  or  NO  to  the  initial  radical 
produced  by  the  loss  of  nitramine-AT02  is  borne  out  by 
the  correlations  of 15 NO/NO  and  l5iV-NDNAZ  /  NDNAZ. 

It  is  apparent  from  an  examination  of  the  15JV  and 
unlabelled  species  shown  in  the  plots  of  Fig.  3  that 
NO2  originates  from  both  the  possible  sites  in  the 
TNAZ  molecule  and  that  the  cleavage  of  the 
nitramine-M92  precedes  that  of  the  C-NO2  cleavage. 
This  also  results  in  similar  sequences  of  xsNO/NO  and 
,5AT-NDNAZ/NDNAZ.  This  observation  is  consistent 
with  the  fact  that  N-NO2  bond  is  weaker  than  C-NO2 
bond.  Once  an  N-NO2  bond  cleaves,  other  C-NO2  bonds 
can  cleave  more  readily  as  predicted  by  the  calculations 
of  Melius10.  It  is  also  worth  mentioning  that  the  lack  of 
15//-isotopic  shifts  show  that  m/z  =  44  and  m/z  =  28  are 
predominantly  CO2  and  CO,  respectively  and  not  N2O 
and  N2. 

3.3  Thermal  Decomposition  of  Independently 

Synthesized  NDNAZ 

The  thermal  decomposition  of  NDNAZ  is 
controlled  by  a  complex  process  that  forms  both 
gas-phase  and  liquid-phase  products.  Ion  signals 
associated  with  thermal  decomposition  products  formed 
from  NDNAZ  are  shown  in  Fig.  4  for  a  12  mg  sample  of 
NDNAZ  heated  at  15  °C/min  in  a  reaction  cell  with  a  2.5 
p  diameter  orifice.  The  vapour  pressure  of  NDNAZ  is 
relatively  high  as  can  be  seen  from  the  large  ion  signal 
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associated  with  the  evaporation  of  NDNAZ  in  Fig.  4. 
The  NDNAZ  in  this  experiment  is  depleted  when  the 
sample  reaches  a  temperature  of  ~  235  C.  Examination 
of  the  ion  signals  associated  with  the  thermal 
decomposition  products  show  continued  evolution  from 
the  reaction  cell  after  the  NDNAZ  is  depleted.  This 
suggests  that  products  with  low  volatility  are  formed  in 
liquid-phase  during  the  decomposition  and  their 
evolution  and  decomposition  continues  as  the  sample  is 
heated  further 


Table  2.  Probable  composition  of  the  unidentified  m/z 
species  in  Fig.  4 


m/z 

C3H4W405(NDNAZ) 

Composition 

66 

176  -  110  (2HN02  +  0 ) 

C3H2N2 

67 

176-  109  (HNO2  +  NO2  +  O) 

C3H3N2 

68 

176  -  108  (2N02  +  O) 

C2H4N2 

83 

176  -  93  (HNOi  +  NO2) 

C3H3N20 

99 

176  -  77  ( HNO2  +  NO) 

C3N3N202 

128 

176  -  48  (NO  +  H2O) 

C3H2N303 

NDNAZ  decomposes  at  significant  rates  in 
these  experiments  starting  at  approximately  160  °C  as 
indicated  by  the  first  appearance  of  the  ion  signals 
associated  with  the  thermal  decomposition  products.  The 
rates  of  formation  of  several  of  the  lower  molecular 
weight  gaseous  products,  such  as  CO/Ni  and  HCN,  fall 
to  zero  as  the  NDNAZ  sample  is  depleted  indicating  that 
they  are  formed  directly  from  the  decomposition  of 
NDNAZ.  In  contrast,  some  products  start  evolving  at  a 
higher  temperature  and  also  fall-off  as  the  NDNAZ  is 
depleted.  For  example,  a  product  associated  with  ion 
signals  at  m/z  values  of  66,  67  and  68  starts  appearing 
at  approximately  180  °C  and  its  rate  of  formation 
increases  rapidly  at  -  210  °C.  Further,  other  products 
start  evolving  at  a  higher  temperature  and  continue  to 
evolve  after  the  NDNAZ  is  depleted.  Examples  of  this 
behaviour  are  seen  with  the  CO2/N2O  signal  and  ion 
signals  representing  a  number  of  different  products  at 
m/z  values  of  43,  83,  99  and  128.  In  the  case  of  the 
product  represented  by  the  m/z  =128  signal,  the  rate 
increases  significantly  after  the  NDNAZ  is  gone. 

The  identities  of  the  thermal  decomposition 
products  from  NDNAZ  are  similar  to  those  formed  in  the 
decomposition  of  TNAZ.  However,  the  relative  amounts 
of  the  major  products  differ  significantly.  The  other  most 


abundant  thermal  decomposition  products  from  NDNAZ 
are  H2O,  HCN,  CO/N2,  CO2,  NO2  and  some  of  the  less 
volatile  products  that  remain  in  the  liquid  phase,  parallel 
to  the  behaviour  of  TNAZ.  The  identities  of  the  thermal 
decomposition  products  associated  with  the  ion  signals 
of  various  m/z  values  shown  in  Fig.  4  require  conducting 
TOF  velocity  spectra  measurements  which  will  be 
carried  out  in  the  future. 

3.4  Basic  Reaction  Pathways  for  TNAZ 

From  the  STMBMS  measurements  on  TNAZ  we 
have  observed  that  the  products  are  consistent  with  the 
direct  decomposition  mechanisms  proposed  based  on 
previous  RSFTIR  measurements2  and  unimolecular 
IRMPD  measurements3.  In  addition,  we  observed  the 
new  reaction  product,  NDNAZ,  which  shows  that  the 
reaction  pathways  other  than  the  unimolecular 
decomposition  alone  must  be  considered  in  developing 
a  mechanism  for  the  thermal  decomposition  of  TNAZ. 
The  first  step  in  the  decomposition  of  TNAZ  appears  to 
be  N-NO2  and  C-NOz  bond  homolysis,  replacement  of 
the  nitramine  NO2  group  with  an  NO  group  and  the 
possible  nitro-  nitrite  rearrangement  of  NO2  at  the 
gem-dinitro  group.  These  steps  are  summarized  as 
follows: 


The  NO  required  for  the  conversion  of  TNAZ  to 
NDNAZ  may  form  through  either  the  nitro-nitrite 
rearrangement  reaction,  and  the  reaction  of  NO  with 
CHjO  or  via  the  loss  of  N2O2  after  the  NO2  loss  and  the 
ring  opening  steps  in  the  IRMPD  mechanism.  Once  the 
nitroso  analogue  of  TNAZ  is  formed,  it  alters  the 
subsequent  decomposition  pathway  by  significantly 
reducing  the  direct  decomposition  to  NO2  and  enhancing 
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the  rate  of  formation  of  NO.  Two  possible  pathways  for 
producing  NO  from  NDNAZ  are  as  follows: 

The  fact  that  the  rate  of  formation  of  NO  compared 
to  NOi  is  significantly  higher  in  the  thermal 
decomposition  of  NDNAZ  indicates  that  a  nitro-nitrite 
rearrangement  reaction  is  more  likely  for  the  nitrosamine 
than  the  nitramine.  The  formation  of  NO  by  scission  of 
N-NO  bond  probably  occurs  but  it  cannot  account  for  the 
significant  increase  of  NO  formed  in  the  decomposition. 

The  ion  signals  observed  in  the  decomposition  of 
NDNAZ  (Fig.  4)  also  include  several  unassigned  mass 
species  in  the  m/z  range  66-128.  Given  the  fact  that 
there  are  only  four  possible  atomic  species  (C,  H,  N,  and 
O ),  one  can  speculate  on  the  possible  atomic 
compositions  of  these  species  as  summarised  in 
Table  2.  The  identities  of  the  species  in  the  last  column 
will  be  established  with  the  help  of  isotopic  shifts  using 
'^-labelled  material  and  time  of  flight  velocity  data 
both  of  which  are  currently  being  obtained. 

The  mass  spectrometry  data  on  the  thermal 
decomposition  of  TNAZ  and  NDNAZ  clearly  show 
many  ion  signals  at  different  m/z  values  associated  with 
products  of  secondary  reactions.  Several  of  the  products 
come  directly  from  the  ring  HCN  ( m/z  =  27)  and  CH3CN 
(m/z  =  41).  Others  such  as  H2O  and  CO/N2  come  from 
secondary  reactions  of  thermal  decomposition  products, 
while  many  other  ion  signals  have  not  yet  been 
associated  with  specific  thermal  decomposition  products 
since  further  information  is  required  to  make  these 
assignments. 

It  is  clear  from  the  STMBMS  results  that  the 
construction  of  a  realistic  mechanism  to  characterise  the 
thermal  decomposition  process  of  TNAZ  requires  the  use 
of  several  parallel  reaction  pathways.  Construction  of  a 
useful  model  of  the  decomposition  process  requires 


measuring  the  temperature-dependent  rate  constants  for 
each  of  these  pathways. 

3.5  Further  Work 

The  work  on  the  thermal  decomposition  of  TNAZ 
and  NDNAZ  presented  in  this  paper  is  the  first  step  of 
examining  the  decomposition  of  these  materials  with  the 
STMBMS  technique.  Further  work  on  TNAZ  will 
include  making  TOF  velocity  spectra  measurements  of 
the  various  ion  signals  to  determine  the  identities  of  the 
secondary  products.  Quantitative  analysis  of  the  data 
will  be  made  to  determine  the  gas  formation  rates  of  the 
different  products  as  a  function  of  time.  Finally,  the  time 
.  and  temperature  dependence  of  the  gas  formation  rates 
of  the  different  products  will  be  analysed  to  determine 
the  temperature  dependence  of  the  rate  constants  for  the 
different  reaction  pathways. 

4.  SUMMARY 

The  results  presented  in  this  paper  on  the 
decomposition  of  TNAZ  show  that  its  thermal 
decomposition  is  controlled  by  a  number  of  different 
competitive  and  coupled  reactions.  The  formation  of 
NO2  is  consistent  with  either  C-NO2  and/or  N-NO2  bond 
homolysis  and  is  in  agreement  with  the  pathways 
determined  in  the  IRMPD  experiments.  This  study  shows 
that  in  the  presence  of  decomposition  products  TNAZ 
reacts  with  NO  to  form  the  nitroso  analogue  of  TNAZ, 
NDNAZ.  The  temporal  behaviours  of  the  decomposition 
products  show  that  as  the  amount  of  NDNAZ  increases 
in  the  TNAZ  sample,  new  products  associated  with  the 
decomposition  of  NDNAZ  appear  and  contribute  to  an 
increase  in  the  overall  decomposition  of  TNAZ.  Thus, 
to  adequately  characterise  even  the  first  step  of  the 
decomposition  process,  bimolecular  reactions  must  be 
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included.  The  first  decomposition  products  from  TNAZ 
were  observed  at  -  160  °C  in  the  STMBMS  experiments 
and  the  formation  of  NDNAZ  was  first  observed  starting 
at  -  200  °C.  Decomposition  products  associated  with 
NDNAZ  were  observed  after  all  of  the  TNAZ  was 
thereby  consumed  suggesting  that  NDNAZ  is  thermally 
more  stable  than  TNAZ. 

The  decomposition  of  NDNAZ  shows  that  changing 
the  N-NO2  group  to  N-NO  group  alters  the 
decomposition  process.  For  NDNAZ  a  much  larger 
proportion  of  NO  as  compared  to  NO2  is  formed  in  the 
decomposition  process.  This  may  be  due  to  an  enhanced 
propensity  to  undergo  nitro-nitrite  rearrangement  that 
leads  to  the  formation  of  NO  and  the  elimination  of  CO2 
from  the  azetidine  ring.  This  is  consistent  with  the 
results.  The  decomposition  of  NDNAZ  produces  both 
volatile  gaseous  products  and  some  products  that  remain 
in  the  liquid  phase. 

The  temporal  behaviour  of  the  product  species  from 
the  thermal  decomposition  of  both  TNAZ  and  NDNAZ 
indicates  that  the  reactions  occur  in  both  the  gas  and 
liquid  phases. 

Further  STMBMS  experiments  and  analyses  will  be 
conducted  to  identify  other  reaction  products,  obtain 
more  details  on  the  reaction  pathways  and  determine  the 
temperature-dependent  rate  constants  for  the  different 
pathways.  These  experiments  are  also  expected  to  shed 
light  on  the  effect  of  the  gem-dinitro  group  on  the 
thermal  stability  of  TNAZ  relative  to  other  cyclic 
nitramines. 
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